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13.  abstract  (MJjitnum  iffO  weras) 

A  program  of  fundamental  experimental  research  and  analysis  has  been  conducted  to 
examine  two  key  areas  associated  with  the  design  of  hypersonic  vehicles  for  re-entry 
and  sustained  hypervelocity  flight.  In  the  first,  and  major  segment  of  the  program, 
detailed  measurements  were  obtained  to  examine  the  thermo-fluid  dynamics  of 
transpiration-cooling  and  ch€  separate  and  combined  effects  of  surface  roughness  and 
bloving  on  the  fluid  mechanics  of  transpiration  and  ablative  thermal  protection 
systems.  In  the  second  segment  of  the  program,  ve  embarked  in  a  detailed  experi¬ 
mental  examination  of  turbulent  compressibility  effects  In  regions  of  attached  and 
separated  flows.  The  first  phase  of  this  program  was  devoted  to  studies  associated 
with  developing  the  models  and  instrumentation  to  obtain  highly  resolved  high  * 

frequency  measurements  in  fully  turbulent  boundary  layer  at  Mach  11,  13,  and  IS. 

While  in  the  second  phase  of  this  program,  segments  were  concentrated  on  the  develop-  \ 
ment  of  th«  direct  measurement  of  density  fluctuations  using  high  pressure  electron 
beam  techniques.  During  this  contract  we  also  took  the  opportunity  to  analyze  and 
publish  Important  measurements  made  in  an  earlier  program  demonstrating  compress¬ 
ibility  effects  in  hypersonic  turbulent  wakes. _ 
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(9-ft.)  slender  cone  model,  with  a  flare  at  the  base,  as  reported  in  Appendix  5. 
Experimental  studies  of  the  compressibility  effects  on  the  diffusion  of  hypersonic  wakes 
are  reported  in  Appendix  6. 


SUMMARY 


A  program  of  fundamental  experimental  research  and  analysis  has  been  conducted 
to  examine  two  key  areas  associated  with  the  design  of  hypersonic  vehicles  for  re-entry  and 
sustained  hypeiA  elocity  flight.  In  the  first,  and  major  segment  of  the  program,  detailed 
measurements  were  obtained  to  examine  the  thermo-fluid  dynamics  of  transpiration  cooling 
and  the  separate  and  combined  effects  of  surface  roughness  and  blowing  on  the  fluid 
mechanics  of  transpiration  and  ablati\  e  thermal  protection  systems.  In  the  second  segment 
of  the  program,  we  embarked  in  a  detailed  experimental  examination  of  compressibility 
effects  in  regions  of  attached  and  separated  flows.  The  first  phase  of  this  program  was 
devoted  to  studies  associated  with  developing  the  models  and  instrumentation  to  obtain 
highl}  resolved  high  frequency  measurements  in  fully  turbulent  boundary  layer  at  Mach  II, 
13,  and  15.  While  in  the  second  phase  of  this  program,  segments  were  concentrated  on  the 
dev  elopment  of  the  direct  measurement  of  density  fluctuations  using  high  pressure  electron 
beam  techniques  During  this  contract  we  also  took  the  opportunity  to  analyze  and  publish 
important  measurements  made  in  an  earlier  program  demonstrating  compressibility  effects 
in  hypersonic  turbulent  wakes.  A  new  high  pressure  reservoir  was  designed  and  fabricated 
during  the  course  of  the  program  to  increase  the  performance  of  the  experimental  facility. 

During  the  past  five  years  under  AFOSR's  sponsorship,  we  have  conducted 
detailed  experimental  studies  of  (1)  the  effects  of  surface  roughness  only  on  the  aerothermal 
characteristics  of  ablated  noseshapes  and  slender  re-entr)  vehicles  (Appendix  1),  (2)  the 
effects  of  combined  roughness  and  blowing  on  the  heat  transfer  and  skin  friction  to  slender 
MR  Vs  (Appendix  2),  (3)  the  effects  of  surface  blowing  on  the  distribution  of  heat  transfer 
and  skin  friction  together  with  flowfield  properties  on  slender  transpiration-cooled  re-entry 
vehicles;  and  (4)  the  effects  of  the  properties  of  the  injectant  on  the  aerothermal 
characteristics  of  transpiration-cooled  slender  re-entry  vehicles  (Appendix  3). 

During  the  latter  part  of  the  program,  our  efforts  were  focussed  toward  the 
examination  of  the  dynamics  turbulent  structure  of  attached  and  separated  regions  of  shock 
wave/turbulent  boundary  layer  interaction  hypersonic  flow  .  The  results  of  our  initial 
studies  emph'ying  the  electron  beam  technique  to  obtain  mean  density  measurements 
through  the  turbulent  boundary  layer  over  the  cone  were  reported  in  Appendix  4  These 
studies  demonstrated  that  to  obtain  the  resolution  necessary  to  determine  the  structure  of 
wall  regions  of  the  turbulent  boundary  layer,  it  is  necessary  to  obtain  very  thick  interaction 
regions  Dunng  the  latter  part  of  this  program,  we  accomplished  this  by  using  a  very  large 


1.0  INTRODUCTION 


Recently,  intense  use  of  numerical  solutions  of  full  or  reduced  time-averaged 
Navier-Stokes  equations  has  resulted  in  significant  progress  in  the  development  of  efficient 
and  stable  numerical  algorithms  and  a  greater  understanding  of  gridding  techniques. 
However,  little  progress  has  been  made  in  developing  fluid  mechanical  models  required  for 
these  codes.  In  many  instances,  the  phenomena  of  greatest  importance  in  the  aerothermal 
design  of  advanced  vehicles  are  also  the  most  difficult  to  model  in  the  codes.  These 
modeling  problems  include  non-equilibrium  chemistr\  and  catalytic  wall  effects,  boundary 
layer  transition,  and  non-equilibrium  development  of  turbulent  boundary  layers  in  regions 
of  strong  pressure  gradients  and  separated  flow  and  mass  addition  and  combustion. 
Meaningful  advances  must  be  made  in  the  prediction  of  flow  phenomena  so  that  the 
imbalance  in  research,  particularly  in  hy  personic  flows,  may  be  redressed  and  experimental 
studies  conducted  to  examine  these  problems  in  depth.  In  the  development  of  advanced 
prediction  techniques  required  to  design  and  predict  the  aerothermal  loads  on  sophisticated, 
airbreathing  maneuverable  hypersonic  vehicles,  there  are  a  number  of  key  flow/field  and 
flow/surface  interaction  phenomena  that  must  be  modeled  which  require  the  insight  and 
measurements  of  detailed  experimental  study  .  The  modeling  of  the  turbulent  flow  structure 
o\  er  transpiration-cooled  and  rough  ablating  surfaces  requires  a  detailed  understanding  of 
the  mixing  prtKess  betw  een  the  injected  fluid,  the  roughness  elements,  and  the  fluids  at  the 
base  of  the  turbulent  boundary  layer.  Large  surface  ablation  resulting  from  heat  transfer 
rates  generated  on  the  w  indward  ray  of  the  ablative  heat  shield  close  to  the  nosetip  and  on 
the  control  surfaces  of  vehicles  fly  ing  at  high  angles  of  attack  are  of  critical  concern  to  the 
designers  of  missiles  that  maneuver  during  re-entry.  To  develop  an  accurate  predictive 
capability  to  describe  the  ablation  rates  of  the  nosetip,  heat  shield,  and  control  surfaces,  it  is 
necessary  to  understand  and  model  the  separate  and  combined  effects  of  surface  blowing 
and  surface  roughness. 

To  develop  and  evaluate  prediction  schemes  that  will  accurately  describe  the  effects 
of  combined  roughness,  blow  ing,  and  entropy  layer  on  the  aerothermal  performance  of 
slender,  rough  ablating  cones,  we  conducted  experimental  studies  under  hy  personic,  high 
Rey  nolds  number,  and  highly  cooled  wall  conditions.  The  models  were  constructed  with 
well-defined  roughness  and  blow  ing  characteristics.  The  correlations  of  the  measurements 
from  these  studies  can  be  used  to  directly  evaluate  the  accuracy  of  aerothermal  models 
currently  in  use  in  "shape  change"  codes,  while  individual  sets  of  measurements  can  be 


compared  with  more  detailed  calculations  of  combined  roughness  and  blowing  on  sharp 
slender  cones 


In  the  second  part  of  the  program,  an  experimental  study  was  conducted  in  which 
an  electron  beam,  and  pitot  and  total  temperature  probes  were  used  to  measure  the  mean 
and  fluctuating  density,  and  mean  static  temperature  across  a  Mach  7.5  turbulent  boundary' 
layer  over  a  4-ft  long  6"  sharp  cone.  The  experimental  studies  w'ere  conducted  in  the 
Calspan  96"  Tunnel  at  a  freestream  Mach  number  of  8.5  and  unit  Reynolds  number  of  5  x 
K/’.  Our  initial  use  of  this  technique  has  demonstrated  a  potential  to  obtain  fluctuation 
measurements  up  to  frequencies  approaching  1  MHz.  Additional  improvement  is  expected 
when  more  advanced  optics  are  used.  The  mean  rotational  temperature  through  the 
boundary  laver  were  determined  from  spectra  obtained  using  an  Optical  Multichannel 
Analyzer  The  electron  gun  has  proven  highly  reliable  and  has  the  potential  to  work  at 
equivalent  densities  up  to  ov  er  100  torn  Further  developments  are  anticipated  employing 
an  electron  beam  to  stimulate  a  gas  w  hich  is  examined  using  a  resonant  laser  technique. 

During  the  final  phases  of  this  program,  an  opportunity  was  presented  to  complete 
the  anal>sis  of  and  publish  measurements  made  in  an  earlier  program  which  could  shed 
light  on  turbulent  compressibility  effects  in  hypersonic  flow  Specifically,  the  turbulent 
diffusion  of  a  hypersonic  turbulent  wake  show  significant  compressibility  effects  which 
mannerfert  themselves  as  dramatic  changes  in  wake  growth  In  the  experimental  program 
presented  in  Appendix  5,  measurements  were  made  to  examine  the  effects  of  Mach  number 
and  Reynolds  number  on  the  structure  and  growth  of  the  wake  behind  a  slender  cone. 

As  a  part  of  the  overall  experimental  effort  to  obtain  fulh  turbulent  flows  at  the 
highest  Mach  numbers  and  Reynolds  numbers,  additional  experimental  hardware  and 
associated  instrumentation  has  been  constructed  and  assembled  to  enhance  the  unit 
Reynolds  number  and  run  times  for  current  and  future  AFOSR  experimental  programs. 
These  modifications  are  centered  around  the  construction  of  a  new  high  pressure  driver 
reservoir.  This  high  pressure  driver  reservoir  was  designed  and  successfully  tested  and  is 
being  now  incorporated  into  the  tunnel 


2.0  REVIEW  OF  RESULTS  FROM  RESEARCH  PROGRAM 


2J _ STUDIES  OF  THE  AEROTHERMODYNAMICS  OF  TRANSPIRATON- 

COOLED  AND  ROUGH  AND  ABLATING  HYPERSONIC  VEHICLES 

The  development  of  design  codes  for  transpiration  and  ablatively-cooled  re-entry 
vehicles  is  of  significant  importance  to  the  Air  Force.  The  codes  currently  in  use  for  this 
purpose  are,  in  general,  based  on  technology  developed  over  fifteen  years  ago  and  was 
based  on  a  very  weak  experimental  database.  In  fact,  most  codes  were  "tuned"  to  match 
flight  measurements  of  nosetip  recession  which  were  not  only  relatively  inaccurate  but  also 
were  for  a  specific  set  of  vehicle  materials  and  flight  conditions.  Also,  the  predictive  codes 
employed  empirical  correlations  to  describe  the  enhanced  stagnation  point  heating. 
However,  the  major  problem  in  these  codes  is  they  employ  an  effective  roughness 
(basically  determined  from  flight  data)  which  in  effect  controls  the  level  of  heating  and 
ablation  of  the  nosetip  However,  our  experimental  studies  have  indicated  that  for 
relatively  low  levels  of  blowing,  the  coolant  layer  effectively  covers  the  roughness 
presenting  an  effectively  smooth  surface  to  the  flows. 

In  the  studies  to  examine  the  effects  of  transpiration  cooling  and  surface  roughness 
and  blowing  on  the  aerothermal  characteristics  of  turbulent  hypersonic  boundary  layers 
over  transpiration-cooled,  rough  hypersonic  vehicles,  detailed  surface  measurements  were 
made  that  provide  a  basis  for  the  direct  evaluation  of  the  basic  modeling  of  key  phenomena 
in  advanced  computational  codes  Experimental  studies  were  conducted  at  Mach  numbers 
of  11,  13,  and  15  for  turbulent  flows  over  transpiration-cooled  and  rough  and  smooth 
blowing  models  in  which  the  blowing  parameter  B'  was  varied  from  0.01  to  5  During  this 
program  three  new  and  unique  transducers  were  developed  and  successfully  used  to 
measure  skin  friction  and  local  and  average  heating  on  the  rough  transpiration-cooled 
surfaces.  Two  types  of  heat  transfer  gages  were  developed,  a  calonmeter  gage  and  a  multi¬ 
element  thin-film  gage.  These  gages  were  used  to  obtain  both  average  and  local  heating 
measurements  to  determine  the  effects  of  mass  addition  on  cone  heating.  The  distribution 
of  heating  o\  er  and  betw  een  the  rough.iess  elements  was  determined  for  a  range  of  blowing 
rates  and  freestream  conditions  with  the  multi-element  thin-film  gage  The  thin-film 
elements  were  distributed  oicr  the  roughness  elements  and  on  the  base  between  the 
roughness  elements  and  the  injection  passages  A  new  skin  friction  gage,  in  w  hich  there 
was  blowing  through  the  floating  sensing  element,  was  used  to  measure  the  effects  of 
blowing  and  roughness  on  surface  shear  The  results  of  the  measurements  with  these 


gages  are  presented  together  \\  ith  comparisons  w  ith  earlier  measurements  at  lower  Mach 
numbers  and  with  the  results  of  semi-empirical  prediction  techniques.  These  studies  are 
described  in  detail  in  Appendix  1. 

Heat  transfer,  skin  friction,  and  pressure  measurements  were  obtained  along  the 
models  for  a  range  value  of  the  blowing  parameter  fn/Qel/gC^o  from  0.10  to  5,  using  a 
nitrogen  injectant  Holographic  interferometrj  was  used  to  examine  the  characteristics  of 
the  hypersonic  flow  field  around  the  MRV  model.  The  measurements  were  correlated,  in 
terms  of  the  major  scaling  parameters,  and  are  also  compared  with  earlier  measurements  at 
lower  Mach  numbers  Comparisons  are  presented  with  computations  made  with  the 
BLIMP  code,  which  demonstrate  that  this  code  is  in  relatively  good  agreement  with  the 
experimental  data  for  small  blowing  rates.  However,  for  B'>  0.5,  the  code  significantly 
under-predicts  the  effectiveness  of  transpiration  cooling.  For  these  high  blowing  levels, 
w  here  (in  the  extremes)  boundary  layer  blow  off  occurs,  boundary  layer  theory  (BLIMP 
code)  is  inadequate,  and  solutions  to  the  full  or  reduced  time-averaged  Navier-Stokes 
equations  are  required.  These  studies  are  reported  in  Appendix  2. 

The  effects  of  molecular  weight  and  specific  heat  of  the  injectant  on  the  turbulent 
heat  transfer  to  and  skin  friction  of  to  a  sharp  slender  transpiration-cooled  cone  in 
hypersonic  tlow  were  then  investigated;  this  study  was  conducted  at  Mach  numbers  of  1 1 
and  13  for  local  Reynolds  numbers  of  1^^  x  lO'^  50  x  10^,  respectively. 
Measurements  of  heat  transfer,  skin  friction,  and  pressure  were  obtained  along  the  cone  for 
blow  ing  rates  (tn/Qei-eCfio  )  Ironi  0  10  to  5,  using  helium,  nitrogen,  and  freon  injectants 
The  characteristics  of  the  hypersonic  turbulent  boundary  layer  were  determined  with 
holographic  interferometry  Miniature  heat  transfer  instrumentation  w  as  used  to  obtain  the 
detailed  distribution  around  each  injection  port.  Calculations  using  the  BLIMP  code  and 
the  HEARTS  Navier-Stokes  code  were  compared  with  the  experimental  measurements. 
Correlations  involving  the  effects  of  injection  rates  and  gas  properties  on  the  heat  transfer 
and  skin  friction  are  presented  in  terms  of  the  relevant  non-dimensional  parameters.  These 
studies  are  described  in  detail  in  Appendix  3. 

2^  STUDIES  OE  COMPRESSIBJUTY^EEEECTS  IN  ^G1QNS_DF 
SHOCK.  WAVE/TCRBULENT  JOUM)ARY  JLAYER  IN  TER  ACTION^  JN 
HYPJERSONIC  FLOWS 

Powerful  numencal  techniques  based  on  the  Navier-Stokes  equations  are  available 
for  the  predictii^n  of  hypersonic  viscous  flows  Providing  these  flows  are  laminar  the 


accuracy  of  the  results  of  the  computations  is  impressive  [Rudy  et  al  (1989)]  (Appendix  7). 
However,  if  the  hypersonic  boundarj  layers  or  shear  layers  are  turbulent,  agreement  with 
measured  data  is  often  unsatisfactory  as  a  result  of  serious  shortcomings  in  the  time- 
averaged  models  used  to  represent  the  turbulence  The  structure  of  turbulent  boundary 
lasers  hypersonic  speeds  is  poorl>-  understood.  This  in  part  results  from  the  paucity  of 
measurements  to  define  the  fluctuatory  characteristics  of  the  turbulence  which  is  in  turn 
related  to  the  severe  difficulties  in  de\eloping  suitable  instrumentation  to  make  accurate 
measurements  in  high  Mach  number  flows.  However,  without  a  better  physical 
understanding  of  the  characteristics  of  the  time  dependent  properties  of  these  flows,  the 
validity  of  turbulence  models  cannot  be  meaningfully  evaluated. 

Most  models  of  turbulence  used  to  describe  compressible  flow  s  have  been  derived 
from  concepts  developed  from  low  Mach  number  or  other  incompressible  flows  where 
fluctuations  in  thermcxlynamic  quantities  (density,  temperature,  etc.)  are  small  enough  to  be 
neglected  As  the  Mach  number  increases  these  fluctuations  become  more  important  and  at 
hypersonic  speeds,  they  can  be  the  most  significant  varying  quantities  Furthermore,  in 
many  important  flows  there  are  features  which  pose  difficulties  in  modeling  For  example, 
in  regions  shock/bound")  layer  interactions,  which  are  regions  of  intense  heating.  The 
wa\  in  w  hich  the  turbulence  responds  to  the  rapid  changes  in  flow  conditions  presenth 
pcxirly  understotxl 

During  this  part  of  the  program  our  efforts  were  focussed  toward  the  examination 
of  the  dynamics  turbulent  structure  of  attached  and  separated  regions  of  shock 
wav  c/turbulent  boundary  layer  interaction  hypersonic  flow  The  results  of  our  initial 
studies  employing  the  electron  beam  technique  to  obtain  mean  density  measurements 
through  the  turbulent  boundary  layer  over  the  cone  were  reported  in  Appendix  4.  These 
studies  demonstrated  that  to  obtain  the  resolution  necessary  to  determine  the  structure  of 
wall  regions  of  the  turbulent  boundar)  layer,  it  is  necessary  to  obtain  very  thick  interaction 
regions  Dunng  the  latter  part  of  this  program,  we  accomplished  this  by  using  a  very  large 
(9-ft )  slender  cone  model,  with  a  flare  at  the  base,  as  reported  in  Appendix  5.  These 
studies  were  conducted  in  the  Calspan  48-inch  and  S^-inch  shock  tunnels  at  Mach  numbers 
of  11  and  13  and  local  Rey  nolds  numbers  up  to  2(K)  x  10^.  The  analysis  of  the  results 
from  the  earlier  studies  together  with  further  bench  tests  demonstrated  that,  while  the  new 
sy  stem  could  be  used  to  obtain  gtxxi  mean  density  measurements,  the  optical  and  electronic 
systems  were  not  fast  enough  to  priKess  frequencies  approaching  1  MHz,  which  arc 
required  to  follow  the  turbulent  fluctuations  in  these  hypersonic  flows  We  ha\e  been 


r 


perlorming  studies  to  enable  us  to  record  and  analyze  turbulent  density  fluctuation 
measurements  for  frequencies  approaching  1  MHz.  To  capture  sufficient  light  to  provide 
enough  photons  to  fall  on  the  detectors  to  respond  in  2  microseconds,  we  have  had  to 
redesign  the  optical  system  Here,  in  addition  to  the  large  aperture  custom-designed  lens 
and  mirror  system,  we  have  installed  the  detectors  on  vibration  mountings  inside  the 
model.  These  optics  give  us  the  ability  to  obtain  a  0.010  inch  resolution  across  a  1.5  inch 
thick  viscous  lajer.  The  10-channel  photodetector  system  will  have  a  frequencj  response 
of  1  MHz  and  its  output  will  be  recorded  on  a  solid  state  recorder  with  a  sampling  rate  of 
5  MHz.  This  program  is  being  continued  under  a  current  AFOSR  grant. 

2.3  EXPERmEKTAl^  SJIDIES -OF  J/niKES  3EH1ND 

SHARP  SLENDER  CONES 

At  the  end  of  this  program  we  completed  the  analysis  of  an  experimental  program, 
conducted  in  the  Calspan  96-inch  Shock  Tunnel,  in  which  studies  were  made  of  the  effect 
of  controlled  mass  addition  from  the  conical  surface  of  a  slender  cone  on  the  structure  and 
development  of  the  "low  -altitude"  turbulent  wake  The  studies  were  conducted  at  Mach  1 1 
and  13  and  at  Reynolds  numbers  based  on  the  wetted  length  of  the  cone  from  15  x  10^  to 
30  \  10^  Measurements  of  pitot  and  static  pressure,  total  temperature,  heat  transfer,  and 
mass  concentration  were  made  for  X/\C£)A  <  80  three  rates  of  mass  addition. 
From  these  studies,  we  have  determined  a  quantitative  relationship  between  the  rate  of  mass 
addition  and  the  wake  vekKity  for  conditions  where  the  boundary  layer  over  the  cone  is 
full)  turbulent  The  profile  measurements  demonstrated  that  the  viscous  wake  did  not 
increase  significant!)  in  size  with  mass  addition,  and  that  "wake  narrowing"  ma)  result 
from  fluid  dynamic  as  well  as  electromagnetic  phenomena 

2.4  FABRICATION  Of  HIGH  PRESSURE  RESERVOIR 

As  a  part  of  the  overall  experimental  effort  to  obtain  fully  turbulent  flows  at  the 
highest  Mach  numbers  and  Reynolds  numbers,  additional  experimental  hardware  and 
associated  instrumentation  has  been  constructed  and  assembled  to  enhance  the  unit 
Reynolds  number  and  run  times  for  current  and  future  AFOSR  expcnmental  programs. 
These  modifications  are  centered  around  the  construction  of  a  new  high  pressure  driver 
rescnoir  This  high  pressure  dnver  resenvnr  was  designed  and  successful!)  tested  and  is 
being  now  incorporated  into  the  tunnel 
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STUDIES  OF  SURFACE  ROUGHNESS  AND  BLOWING  EFFECTS 
ON  HYPERSONIC  TURBULENT  BOUNDARY  LAYERS  OVER  SLENDER  CONES 


M.S.  Holden* 


Abstract 


Studies  are  presented  of  the  effects  of  surface 
roughness  and  blowing  on  the  aerothermal  characteristics 
of  turbulent  hypersonic  boundary  layers  over  rough 
transpiration-cooled  slender  cones.  These  detailed 
surface  measurements  provide  the  basis  for  the  direct 
evaluation  of  the  basic  modeling  of  these  phenomena  in 
advanced  codes.  Experimental  studies  were  conducted 
at  Mach  numbers  of  11,  13  and  13  lor  turbulent  flows 
over  rough  blowing  models  in  which  the  blowing 
parameter  B'  was  varied  from  .01  to  5.  Three  new  and 
unique  transducers  were  developed  and  successfully  used 
to  measure  skin  friction  and  local  and  average  heating 
on  the  rough  transpiration  cooled  surfaces.  Two  types 
of  "roughness  and  blowing"  heat  transfer  gages  were 
developed,  a  calorimeter  gage  and  a  multi-element  thin 
film  gage.  The  calorimeter  gage  was  constructed  with 
a  silver  calorimeter  element  containing  two  roughness 
elements  and  insulated  injection  passages  molded  into  it. 
A  nickel  thin  film  resistance  thermometer  is  to  sense 
the  temperature  of  the  calorimeter  element.  This  gage 
was  used  successfully  to  obtain  average  local  heating 
measurements  to  determine  the  effects  of  mass  addition 
on  cone  heating.  The  distribution  of  heating  over  ana 
between  the  roughness  elements  was  determined  lor  a 
range  of  blowing  rates  and  freestream  conditions  witn 
the  multi-element  thm  film  gage.  The  thin  film  elements 
were  distributed  over  the  roughness  elements  and  on  the 
base  between  the  roughness  elements  and  the  injection 
passages.  A  new  skin  friction  gage,  in  which  there  was 
blowing  through  the  floating  sensing  element,  was  used 
successfully  to  measure  the  effects  of  blowing  and 
roughness  on  surface  shear.  Two  roughness  elements 
were  molded  into  the  surface  of  the  transducer  and 
injection  passages  are  incorporated  into  the  gage.  The 
result*  of  the  measurements  with  these  gages  are 
presented  togetner  with  comparisons  with  earlier 
measurements  at  lower  Mach  numbers  and  semi-empincal 
prediction  techniques. 

I.  Introduction 

In  the  development  of  advanced  prediction 
techniques  required  to  design  and  predict  the  aerothermal 
loads,  on  sophisticated  maneuverable  airbreathmg  hyper¬ 
sonic  vehicles,  there  are  a  number  of  key  flow/field  and 
flow/surface  interaction  phenomena  that  must  be 
modelled  which  require  the  insight  and  measurement  of 
detailed  experimental  study.  The  modelling  of  the  tur¬ 
bulent  flow  structure,  of  the  flow  over  transpiration- 
cooled  and  rough  ablating  surfaces,  is  an  area  where  a 
detailed  understanding  of  the  mixing  process  between  the 
injected  fluid,  the  roughness  elements,  and  the  fluids  at 
the  base  of  the  turbulent  boundary  layer  is  required. 
Large  surface  ablation  resulting  from  heat  transfer  rates 
generated  on  the  windward  ray  of  the  ablative  heat  shield 


close  to  the  nosetip  and  on  the  control  surfaces  of 
vehicles  flying  at  high  angles  of  attack  will  be  of  critical 
concern  to  the  designer  of  missiles  that  maneuver  during 
re-entry.  To  develop  an  accurate  predictive  capability 
to  describe  the  ablation  rates  of  the  nosetip,  heat  shield, 
and  control  surfaces,  it  is  necessary  to  understand  and 
model  the  separate  and  combined  effects  of  surface 
blowing  and  surface  roughness.  Our  recent  studies  of 
roughness  shape  and  spacing  effects  on  ablating  and  non- 
ablating  slender  cones  (Ref.  1)  suggest  not  only  that  the 
subsonic  studies  are  inapplicable  to  the  heating  of  heat 
shields  in  hypersonic  flow,  but  also  that  the  basic 
modeling  of  the  roughness  drag  and  mechanisms  of 
heating  in  the  theoretical  models  is  highly  questionable. 

The  measurements  made  in  earlier  studies  of 
transpiration  cooling  conducted  with  transpiration  cooled 
noseiips^  were  designed  principally  to  determine  whether 
blockage  effects  of  mass  injection  are  as  large  as 
predicted  by  the  current  codes.  The  measurements  on 
the  model  with  zero  blowing,  presented  in  Figure  1, 
clearly  show  that  the  intrinsic  roughness  of  the  surface 
causes  heating  enhancement  factors  of  over  1.7.  In  fact. 
It  can  be  seen  by  comparing  Figures  1  and  2  that  the 
heat  transfer  measurements  on  the  conically  rough 
hemisphere  are  in  good  agreement  with  those  obtained 
on  the  non-blowing  transpiration-cooled  nosetip. 
However,  when  a  small  amount  of  blowing  (m 
I  0.032)  was  introduced,  the  heating  rates  over  a  major 
part  of  the  transpiration-cooled  model  dropped  to  levels 
close  to  those  recorded  on  the  smooth  model,  as  shown 
in  Figures  2  and  3.  It  could  be  postulated  on  the  basis 
of  these  measurements  that  the  initial  effect  of  mass 
addition  from  a  rough  ablating  nosetip  is  to  modify  the 
flow  around  the  roughness  elements  by  eliminating  the 
cavity  flows  between  them  in  such  a  way  that  the 
momentum  defect  is  small.  If  the  effect  of  mass  addition 
is  to  remove  surface  roughness  as  an  important  charac¬ 
teristic  parameter,  a  series  of  questions  are  posed  lor 
the  correlation  of  flight  measurements  in  terms  of  an 
effective  surface  roughness  and  the  computational 
procedures  in  which  the  ablation  rate  is  determined  from 
heating  levels  enhanced  by  surface-roughness  effects. 

Mass  addition  at  the  base  of  the  boundary  layer 
results  in  a  reduction  in  momentum  in  the  wall  layer, 
which,  like  roughness,  will  make  the  boundary  layer  more 
susceptible  to  separauon.  However,  injecting  mass  into 
the  boundary  layer  will  also  severely  distort  the 
temperature  and  velocity  distribution  at  the  base  of  the 
boundary  layer,  which  has  the  potential  to  cause  a 
reduction  in  heat  transfer  and  skin  friction  to  the  wall. 
Because  momentum  reduction  on  rough  walls  at  the  base 
of  the  boundary  layer  results  principally  from  the  form 
drag  of  the  roughness  elements,  the  introduction  of 
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additional  rnass  at  the  rough  wall  could  signiiicantly 
change  the  basic  mechanisms  that  control  momentum  and 
energy  exchange.  Our  experience  with  transpiration- 
cooled  nosetips^  as  well  as  tnose  of  Voisinet^  on  wind 
tunnel  walls  suggests  that  calculating  the  combined 
effects  of  mass  addition  and  surface  roughness  (as  is 
done  in  most  prediction  techniques)  by  using  the  product 
Of  the  'influence  factors',  based  on  measurements  of  the 
separate  effects  of  roughness  and  blowing,  is  invalid. 

To  develop  and  evaluate  prediction  schemes  that 
will  accurately  describe  the  effects  of  combined 
roughness,  blowing  and  entropy  layer  on  the  aerothermal 
performance  of  slender  rough  ablating  cones,  we  must 
conduct  experimental  studies  under  hypersonic,  high- 
Reynolds-number,  and  highly  cooled-wall  conditions.  The 
models  should  be  constructed  with  well-defined  roughness 
and  blowing  characteristics.  The  correlations  of  the 
measurements  from  these  studies  can  then  be  used  to 
directly  evaluate  the  accuracy  of  aerothermal  models 
currently  in  use  in  "shape  change"  codes,  while  individual 
seu  of  measurements  should  be  compared  with  more 
detailed  calculations  of  combined  roughness  and  blowing 
on  sharp  slenoer  cones. 

II.  Review  of  Related  Studies 
Studies  of  Surface  Roughness  Effects  in  Hypersonic  Flows 

Because  most  predictive  techniques  employ  an 
effective  sand-gram  roughness  as  the  single  length  scale 
characterizing  roughness  size,  there  continues  to  remain 
a  key  problem  in  relating  the  topography  of  a  given 
surface  to  a  ^nd-grain  height.  The  experimental  studies 
of  Nikuradase®  and  Schlichting',  both  hydraulic  pipe  flow 
studies,  were  principally  responsible  for  the  selection  of 
sand-grain  roughness  as  the  standard  against  which  to 
measure  relative  effects  of  other  types  of  roughness. 
Although  this  standard  has  been  frequently  employed,  the 
topographical  characteristics  of  a  sand-grain  surface  have 
yet  to  be  defined.  In  fact,  because  of  the  experimental 
difficulties  involved  in  the  preparation  and  inspection  of 
rough  surfaces  inside  a  small-diameter  pipe,  it  is 
surprising  that  Nikuradase's  results  are  as  consistent  as 
reported.  For  fully  developed  pipe  flows,  Nikuradase 
established  that  the  parameter  controlling  the  similitude 
of  the  flows  IS  thoroughness  Reynolds  number  (i^K/V,^). 
This  parameter  (Ren  )  selected  in  many  subsequent 
studies  to  characterize  boundary  layer  flows  where  other 
non-dimensional  groupings  (such  as  ,  etc.) 

might  have  been  considered  me  .  valid. 

The  Schlichting  studies,  conducted  with  roughness 
of  well-defined  geometric  shapes,  provided  the  first  set 
of  measurements  which  could  be  reproduced  in  both 
experimental  and  theoretical  studies.  The  results  from 
these  studies,  together  with  those  from  a  number  of 
subsequent  investigations  in  subsonic  adiabatic  flows, 
were  correlated  by  researchers  to  yield  relationship 
between  an  "effecuve  sand-grain  height"  and  parameters 
which  describe  the  geometric  features  of  the  surface. 
This  further  perpetuated  the  use  of  sand-grain  roughness 
as  a  standard.  The  Diriing*  correlation,  which  is  shown 
in  Figure  <i,  is  one  such  plot,  from  which  an  effective 
sand-grain  roughness  height  can  be  determined  from 
knowledge  of  peak-to-valley  roughness  height  together 
with  the  shapie  and  spacing  of  the  roughness  elements. 
While  there  is  little  direct  supporting  experimental 
evidence,  the  "lambda"  form  of  the  correlating  curve  is 
assumed  to  reflect  a  sudden  change  in  flow  structure 
from  an  "open"  to  a  "closed"  cavity  flow  around  (between! 
the  roughness  elements  as  the  spacing  between  the 
roughness  elements  is  varied.  Do  open  and  closed  cavity 


flows  really  exist  on  rough  surfaces  constructed  from 
three-dimensional  roughness  elements?  Is  the  structure 
of  the  flow  around  the  elements  also  dependent  upon  the 
local  Reynolds  number,  a  parameter  not  taken  into 
account  in  any  such  correlations?  If  an  effective 
roughness  height  can  be  accurately  determined  from  a 
'bump  curve',  this  dimension  must  be  combined  with  key 
fluid  dynamic  properties  to  yield  a  non-dimensional 
parameter  or  groups  of  parameters  with  which  to 
characterize  the  flow.  The  roughness  Reynolds  number 
)  originally  used  by  Nikuradase,  and  the 
non-dimensional  roughness  heights  K/5',  KjB/rt  and 
Kje^  (where  £*  ,  f it,  ,  and  Sf  are  the  displacement, 
momentum,  and  thermal  energy  thickness  respectively), 
have  all  been  used  to  correlate  the  aerothermal  effects 
associated  with  boundary  layers  over  rough  re-entry 
vehicles.  To  date,  however,  no  ^single parameter  or 
combinations  of  parameters  (e.g.,  )  has  been 

used  with  any  great  success  to  describe  the  general 
similitude  of  turbulent  boundary  layers  in  supersonic  and 
hypersonic  flows  over  rough,  highly  cooled  walls. 

The  studies  of  Dirling^  ettermann^,  Dvorak*^, 
Simpson^*  and  more  recently  Lin^^  and  Finson^^  have 
provided  further  insight  into  the  basic  effects  of 
roughness  shape  and  spacing  on  the  characteristics  of 
the  rough  wall  boundary  layer  and  skin  friction  and 
heating  to  a  rough  surface.  Dvorak  combined  the  effects 
of  roughness  shape  and  spacing  into  a  single  parameter 
X  (the  roughness  density),  defined  as  shown  in  Figure  5. 
He  linked  the  Downward  shift  in  the  velocity  profile 
^VlVf  a  combination  of  roughness  Reynolds 

number  Ce«(»Df  R/v’*,)  and  >>  through  the  relationship 


In  incompressible  flows  the  smooth  regime,  where  the 
surface ^hear  is  entirely  due  to  viscous  shear,  is  defined 
by  5.  For  ^eK  >  ,  the  surface  shear 

is  composed  of  form  drag  on  the  roughness  elements 
combined  with  viscous  shear.  When  »  the 

surface  shear  results  principally  from  drag,  and  viscosity 
is  no  longer  a  factor  in  controlling  the  velocity  profile. 
For  fully  rough  flows.  Equation  1  can  be  rewritten 


where 

which  is  a  function  of  the  roughness  density.  Here  it 
should  be  noted  xhai  -f  (a)  -  A-V^  where  Vg  is  the  velocity 
close  to  the  top  of  the  roughness  elements  and  A  U  5) 
is  the  smooth  wall  constant.  Now  the  definition  of 
Nikuradse's  sand-grain  roughness  is  basically 


Hence,  combining  equations  2  and  3  we  obtain 
UA)  .  -  [3  - 


Bettermar,  and  Dvorak  suggest  that  the  subsonic 
measurements  should  be  correlated  by  two  relationships: 
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For 

J  fC^)  =  ^7-35  A-1  )  (5) 

And  lor 

>  H.bB,  -  5.<)5a.l03i^,c  A-1  )  (6) 


The  existence  of  two  regions  has  been  rationalized  on 
physical  grounds,  supported  b>  experimental  studies  in 
two-dimensional  flows.  There  is  serious  debate  about 
whether  a  significant  change  in  flow  structure  occurs  as 
three-dimensional  roughness  elements  are  drawn  together. 
Certainly  the  measurements  with  stone  roughness  do  not 
exhibit  such  a  trend.  This  is  particularly  unfortunate, 
since  Nikuradse's  data  falls  on  the  line  constructed 
principally  from  data  obtained  on  roughness  constructed 
by  two-dimensional  machined  grooves. 


Pinson's  engineering  model  based  on  the  early 
concepts  of  Liepmann  and  Goddard*^  and  his  (Pinson's) 
detailed  numerical  calculations  provides  a  good  basis  for 
interpreting  the  physical  phenomena  of  key  importance 
in  rough  wall  heating,  as  well  as  a  relatively  simple 
prediction  technique.  The  shear  on  a  rough  wall  can  be 
expressed  as  the  sum  of  the  viscous  and  form  drag  of 
the  rough  surface: 


CD®Clf) 


d  t^) 


(7^ 


where  is  the  blockage  factor,  and d  and  D  are 

the  diameter  of  the  roughness  element  and  the  spacing 
between  elements,  respectively.  Prom  his  detailed 
numerical  solutions,  Pinson  showed  that  /  and  u.  were 
relatively  constant  between  the  base  and  top  of  the 
roughness  element  at  values  /’s  ,  ««  close  to  the  top  of 
the  roughness.  Equation  (7)  becomes 


base 


/’e 


where  A^/a;  is  the  ratio  of  projected  area  of  the 
roughness  element  in  the  direction  of  the  flow  to  total 
area  of  the  flow  on  which  they  stand,  ana  B  C-y) 
the  average  vlaue  of  . 

Por  compressible  flows  Pinson  found  that 

-  O.Z^7  ^ 

where 


Therefore,  assuming  is  the  smooth  wall  heating  level, 
it  is  possible  to  relate  the  rough  wall  skin  friction  to 
the  smooth  wall  value  in  the  generalized  form 


Ca 


The  relationship  for  heat  transfer  is  assumed  of  the  same 
form 
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If  we  assume  that  the  product  of  the  blockage 
factor  and  are  invariant  with  rough  shape  and  space, 
then  for  constant  local  free  stream  condition,  we  get 
the  Ovorak-Simpson  Parameter: 

«OU*M 

SHOOT  K 


A  slightly  different  form  can  be  obtained  by  the  subsonic 
blunt  body  approximation 

Kef 


and  using  p/k  rather  than  Aj/a.^)  to  obtain  the 
correlation  in  terms  of  the  Dirling*^  parameter. 
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where  the  various  areas  are  illustrated  in  Pigure  36. 


In  recent  studies  of  the  effects  of  roughness  shape 
and  spacing  on  the  heat  transfer  and  skin  friction  to  the 
roughness,  nosetips,  frusta  and  flaps  of  a  typical  MRV 
configuration,  Holden  used  both  the  Dvorak/Simpson 
parameter  and  the  Dirling  parameter -I- and 

achieved  reasonable  success  in  correlations.  these 
studies,  the  effects  of  roughness  shape  and  spacing  on 
the  heat  transfer  and  skin  friction  both  for  surfaces  with 
sand-grain  roughness  and  those  constructed  with 
geometrically  well-defined  hemispherical  and  conical 
roughness  elements  were  examined.  Also,  heat  transfer, 
skin-friction,  and  pressure-distribution  measurements 
were  obtained  on  spherical  and  ablated  noseshapes, 
conical  frusta,  and  control  surfaces  in  hypersonic  flow. 
The  results  of  this  work  have  demonstrated  that  the  low- 
speed  measurements  of  Nikuradse*^,  Schlichting^',  and 
others,  and  the  correlations  of  Dirling* “/Simpson 
cannot  be  used  directly  to  predict  rough-wall  heating  and 
skin  friction  in  supersonic  and  hypersonic  flows  over  non- 
adiabatic  surfaces.  Even  the  more  solidly  founded 
prediction  scheme  developed  by  Pinson^^,  which  is  based 
upon  his  detailed  numerical  solutions,  consistently 
overpredicts  the  roughness-enhanced  heating  levels  in 
high-speed  flows.  While  direct  measurements  of  the  skin 
friction  and  heat  transfer  to  geometrically  well-defined 
rough  surfaces  provide  the  opportunity  to  more  closely 
evaluate  the  accuracy  of  the  current  shape-change  codes 
and  the  more  fundamental  treatments  like  that  of  Pinson 
in  high  Mach  number,  high  Reynolds  number  flows,  there 
remains  a  basic  need  to  define  more  closely  the 
fundamentals  of  the  fluid  dynamics  which  control 
momentum  and  energy  exchange  in  high-speed  flews  over 
adiabatic  and  non-adiabatic  rough  surfaces. 


Combined  Blowing  and  Surface  Roughness  Effects  in  High- 
Speed  Plows 

The  models  used  in  the  current  codes  to  describe 
the  effects  of  surface  roughness  in  the  presence  of 
surface  blowing  unfortunately  have  little  foundation  in 
physical  modeling  and  even  less  support  from 
experimental  measurements.  While  there  have  been  a 
series  of  experimental  studies  from  Nikuradase  to  Holden 
to  determine  the  effects  of  surface  roughness,  skin 
friction,  and  heat  transfer,  little  work  has  been  done  to 
examine  the  separate  and  combined  effects  of  surface 
blowing  and  surface  roughness  on  the  heat  transfer  anc 
skin  friction  to  rough  surfaces.  In  fact,  only  two  studies 
are  available  to  substantiate  theoretical  modelings.  One 
stud)  conducted  in  low  speed  flow  (v  =  50  ft/sec)  b) 
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Healzer  et  al,^^  and  a  second  by  Voisinei^^  in  a  wind 
tunnel  wall  with  Mach  3  airflow  in  the  absence  of  heat 
transfer,  where  the  key  parameters  were  orders  of 
magnitude  different  from  those  encountered  in  hypersonic 
re-entry.  In  the  Healzer  studies,  the  surface  was  con¬ 
structed  With  hemispherical  roughness  elements  while 
Voisinet  employed  a  porous  surface  constructed  from  wire 
mesh.  In  both  cases,  an  effective  sand-grain  roughness 
height  was  selected  from  Nikuradase^3  or  Dirlmg^^* 
correlations  of  low  speed  roughness  measurements.  In 
the  Healzer  studies,  the  skin  friction  measurements  were 
deduced  indirectly  from  velocity  profiles  and  momentum- 
integral  techniques.  While  this  reduction  technique  can 
be  relatively  accurate  for  the  non-blowing  case,  when 
applied  to  experiments  with  surface  blowing,  the  accuracy 
Of  the  technique  is  poor.  Apparently,  this  was  the  case 
because  Healzer  did  not  present  correlations  of  his  skin 
friction  measurements.  One  very  interesting  feature  of 
the  results  of  the  Stanford^^  study  is  the  form  of  this 
expression  to  correlate  the  effects  of  heating  on  rough 
walls: 
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This  is  very  similar  to  the  form  of  the  correlation 
developed  at  Stanford  for  smooth  walls.  Here  it  should 
be  noted  that  the  non-blowing  value  of  heating  coefficient 
was  taken  at  the  same  enthalpy  thickness  as  in  the 
blowing  case,  rather  than  at  a  common  Reynolds  number 
based  on  scale  length.  These  measurements  were 
compared  with  a  prediction  scheme  based  on  a  modified 
Van  Driest  method  for  rough  walls.  However,  because 
they  were  tailored  to  this  specific  experiment,  they  have 
not  been  used  in  shape  change  codes. 

Voisinet's26  studies  of  the  combined  effects  of 
roughness  and  blowing  were  conducted  at  Mach  6  under 
adiabatic  wall  conditions  (q^,,  =  0)  on  a  wind  tunnel  wall. 
Only  surface  skin  friction  measurements  were  made 
during  Voisinet's  studies.  This  is  unfortunate  because 
while  modified  Reynolds  analogy  relationships  (however 
poor)  have  been  developed  for  rough  walls,  linking  skin 
friction  to  heat  transfer  in  the  presence  of  both  roughness 
and  blowing  is  a  very  difficult  theoretical  task.  However, 
Voisinet's  measurements  have  clearly  demonstrated  that 
the  combined  effects  of  flowing  and  roughness  on  skin 
friction  cannot  be  described  in  a  simple  manner.  First, 
Voisinet  found  that  on  the  tunnel  wall,  where  the 
experiments  were  conducted,  the  effects  of  surface 
roughness  alone  on  skin  friction  could  be  correlated  in 
terms  of  the  roughness  Reynolds  number,  Rej^.  This  is 
a  result  consistent  with  earlier  measurements  on 
adiabatic  walls  by  Coddard^^  and  Reda^^.  In  contrast, 
measurements  on  models  placed  in  the  flow  involving 
significant  levels  of  heating  (T^/Tq>  0.5)  have  in  general 
correlated  better  with  parameters  like  K  18  ,  Ar/S  or 
K  /  f  y;  which,  as  shown  by  the  theoretical  studies  of 
Dvorak  and  Finson,  should  have  greater  relevance  to 
roughness  effects  on  re-entry  vehicles.  Voisinet's  studies 
^monstrated  that  the  effects  of  surface  roughness  and 
blowing  on  skin  friction  cannot  be  deduced  from  simple 
expressions  derived  from  the  measurements  made  of  each 
of  the  separate  effects.  Correlations  were  presented  to 
enable  skin  friction  to  be  deduced  in  the  presence  of 
combined  roughness  and  blowing.  Extrapolating  these 
measurements  to  flows  at  higher  Mach  numbers  over 
highly  cooled  surfaces,  as  well  as  inferring  changes  in 
heat  transfer  from  the  skin  friction  measurements,  is 
obviously  highly  speculative. 


A  correlation  of  the  measurements  on 
transpiration-cooled  "smooth"  flat  plates  and  cones  at 
lower  Mach  numbers  are  shown  in  Figure  6.  Measure¬ 
ments  by  Holden  1  on  transpiration  cooled  nosetips  and 
are  compared  with  the  earlier  measurements  in  Figure  7. 
These  measurements  are  compared  with  the  results  of 
current  studies  in  Section  IV  subheading  three. 

III.  Experimental  Program 
Objective  and  Design  of  the  Experimental  Study 

The  objective  of  this  experimental  study  of  blowing 
and  roughness  effects  in  high  Reynolds  number  hypersonic 
flow  was  to  obtain  detailed  surface  heat  transfer  and 
skin  friction  as  well  as  flow  field  measurements,  to 
evaluate  the  models  of  the  surface/fJow  field  interactiun. 
The  development  of  advanced  computer  codes  which,  in 
principal,  can  be  used  to  describe  the  macroscopic 
features  at  the  base  of  the  boundary  layer,  has  basically 
outmoded  the  use  of  surfaces  with  poorly  defined 
roughness  characteristics  such  as  "sand  grain"  roughness. 
A  review  of  surface  roughness  studies  suggests  that  the 
definition  of  sand  grain  roughness  is  related  more  to  a 
theoretical  criteria  based  on  a  measured  velocity  profile 
rather  than  the  geometric  characteristics  of  the  surface. 
In  fact,  Nicaradase^^ ,  who  first  introduced  sand  grained 
roughness  based  bonding  sand  grains  "end  to  end"  to  a 
surface,  noted  that  sand  of  the  same  size  from  a  different 
geographic  location  exhibited  different  roughness 
characteristics.  From  the  viewpoint  of  generating 
measurements  with  which  to  provide  a  definitive 
evaluation  of  predictive  techniques,  it  is  important  that 
the  roughness  geometry  is  well  defined.  Schlicting  was 
the  first  researcher  to  obtain  measurements  on  surfaces 
whose  geometric  roughness  could  be  reproduced  in  both 
theoretical  and  experimental  studies.  From  the  results 
of  these  and  subsequent  studies  in  subsonic,  adiabatic 
flows,  an  empirical  relationship  was  devised  between 
roughness  shape  and  spacing  and  an  "effective  sand-gram 
roughness  height."  The  correlation  of  the  measurements 
further  perpetuated  the  use  of  "sand  gram  roughness"  as 
a  standard. 

The  single  parameter  characterization  used  in 
many  "shape-change"  codes  designed  to  predict  change 
in  the  noseshape  of  an  ablating  nosetip  as  it  re-enters 
the  atmosphere  is  based  principally  on  measurements  in 
low  speed,  low  temperature  flows  at  Mach  numbers  and 
Reynolds  numbers  differing  significantly  from  re-entry 
conditions.  In  these  studies,  the  surfaces  were 
characterized  by  parameters  such  as  KjS  ,  x/e  and  Tw/To. 
The  roughness  shape  parameter  {^  ),  which  has  been 
defined  in  various  ways  by  different  investigators,  can 
be  generally  expressed  as  the  product  of  the  spacing 
ratio  (D/K)  and  a  parameter  related  to  the  shape  of  the 
roughness  element  or  its  drag  coefficient.  The 
relationship  between  K/Ks  and  the  shape  parameter  > 
(the  lambda  curve  shown  in  Figure  5)  exhibits  large 
changes  in  Ks  for  small  changes  m  .  A  key  question 
is  whether  the  correlation  is  sensitive  to  flow  structure 
between  the  roughness  elements  resulting  from  changes 
in  the  local  Mach  number  and  Reynolds  number.  In  the 
present  study  we  elected  to  use  a  surface  with  a  spherical 
roughness  characteristic  of  a  sand  grain  surface  with 
some  roughness  height. 

Experimental  Facilities  and  Test  Conditions 


The  experimental  program  was  conducteo  in 
Calspan's  96-inch  Shock  Tunnel  at  freestream  Mach 
numbers  from  li  to  16,  for  Reynolds  numbers  up  to  10- 
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X  10^  and  wall-to-lreestream  stagnation  temperature 
ratios  ol  0.1  and  C.2.  At  Mach  numbers  up  to  13, 
boundary  layer  transition  is  complete  on  the  completely 
smooth  models  within  six  inches  ol  the  nosetip.  For  the 
blowing  model  at  Mach  numbers  up  to  16,  transition  is 
within  six  inches  from  the  nosetip.  These  studies  were 
conducted  at  roughness  Reynolds  numbers  (Re^^)  from  20 
to  300  on  the  conical  lorebod>  and  200  to  2000  on  the 
flap,  thus  covering  transitional  to  fully  rough  regime. 
Non-dimensional  blowing  rates,  B'j,  =  —  ,  from 

0  to  5  were  used  in  the  studies.  n 

Models  The  slender  cone  model  which  was  used  in  the 
experimental  studies  is  shown  in  Figure  8.  The  model 
has  a  transpiration  cooled  surface  fed  from  eight  high- 
pressure  reservoirs  through  eight  Valcor  fast  acting 
valves.  Each  section  of  the  model  is  constructed  with 
Six  zones  that  run  from  the  front  to  the  rear  of  the 
model.  This  enabled  us  to  vary  the  blowing  circum¬ 
ferentially  to  simulate  the  effects  ol  differential  blowing 
resulting  from  model  incidence.  To  distribute  the  gas 
from  the  reservoirs  uniformly  to  the  surface,  each  model 
employs  a  matrix  of  distribution  passages. 

As  in  our  earlier  studies  of  the  effects  of  patterned 
roughness  on  the  aerotherma!  characteristics  of  nonporous 
slender  cones,  we  used  hemispherical  roughness  elements. 
A  molding  technique  that  was  developed  at  Calspan  to 
produce  a  number  of  different  roughness  patterns  was 
used  to  obtain  the  smiooth  and  rough  surfaces.  The  low- 
velocity  mass  addition  between  each  roughness  element 
occured  from  passages  molded  in  the  skin  between  the 
flow,  which  was  controlled  by  sonic  orifices  at  their 
base.  This  latter  technique  was  employed  very  suc¬ 
cessfully  in  our  earlier  transpiration-cooled  studies  where 
we  were  able  to  obtain  precisely  controlled  blowing 
conditions.  The  flow  from,  each  hole  in  the  model  was 
controlled  by  eight  sonic  orifices  in  the  model  skin  that 
were  fed  from  plenum  chambers  in  the  model.  The  flow- 
frorr,  each  orifice  was  released  into  a  cylindrical  passage 
molded  in  the  rubber  skin  between  each  roughness 
element.  The  area  ratio  between  the  orifice  and  circular 
passage  allowed  injectant  flows  from  the  surface  at 
velocities  of  approxim.ately  IOC  ft/sec.  While  this  type 
of  model  construction  is  a  painstaking  task,  the  end 
result,  which  is  an  experiment  where  surface  roughness 
and  blowing  are  completely  defined,  is  worth  the  effort. 
Because  we  used  choked  orifices  over  the  entire  model, 
mass  flow  from  each  model  zone  was  precisely  controlled 
by  plenum  pressures.  Mass  flows  over  the  model  were 
unaffected  by  the  distribution  of  surface  pressure  on 
transients  associated  with  tunnel  starting.  Although 
spherical  roughness  elements  were  used  in  the  current 
studies,  this  technique  can  be  used  to  construct  rough 
surfaces  that  replicate  any  ablated  surface. 

Surface  Instrumentation  The  thin  film  heat  transfer 
instrumentation  developed  to  measure  the  surface 
distribution  of  heat  transfer  to  the  roughness  is  shown 
in  Figures  9  and  10.  The  two  instrumented  hemispherical 
roughness  elements  can  be  rotated  in  the  holder  to 
provide  measurements  on  the  windward  and  leeside 
surfaces  of  the  element.  Also,  the  gage  can  be  rotated 
in  the  holder  to  provide  greater  details  of  the  heat 
transfer  at  the  base  of  the  roughness  elements.  As  in 
the  rest  of  the  model,  the  blowing  velocities  were  in 
the  range  of  80  to  300  ft/sec,  generating  dynamic 
pressures  of  less  than  1%  of  the  freestream  values. 

A  blowing  calorimeter  gage  developed  specifically 
lor  this  program  is  shown  in  Figure  11.  The  calorimeter 
element  is  minted  from  a  high-purity  silver  billet  and 
drilled  to  accept  the  passages  for  the  blowing  holes.  The 


calorimeter  element  is  mounted  in  a  Macor  holder  and 
the  passages  for  the  coolant  are  installed  with  a  highly 
insulating  adhesive. 


One  of  the  skin  friction  gages  that  was  designed, 
developed  and  constructed  is  shown  in  Figure  12.  After 
a  number  of  different  approaches  were  tried,  a  design 
was  developed  with  non-metric  coolant  passages  passing 
through  the  metric  diaphragm  with  very  little  clearance. 
Such  tight  clearances  are  allowed  because  the  crystal 
and  rubber  support  and  measuring  system  on  which  the 
diaphragm  is  mounted  is  very  stiff,  so  that  deflection 
under  load  is  insignificant.  The  gage  has  a  linear  response 
up  to  0.7  psia  and  a  nominal  sensitivity  of  20,000  mV/psi. 

Pressure  measurements  were  made  using  flush- 
mounted  Kulite  transducers.  Pressure  gages  have  been 
mounted  flush  with  the  silicon  skin  to  record  the  pressure 
fluctuations,  as  well  as  the  mean  pressure. 


Holographic  Interferometry 


Holographic  interferometry  was  used  to  make 
flowfield  measurements.  Interferograms  of  complex 
flowfields  provide  good  qualitative  basis  for  evaluating 
some  of  the  important  phenomena  that  control  the 
characteristics  of  these  flows.  CUBRC's  holographic 
recording  svstem,  as  shown  in  Figure  13,  was  used  in 
this  study. 3®  Both  single  plate  and  dual  plate  techniques 
are  required  to  record  holograms,  which  are  subsequently 
used  in  the  playback  step  to  obtain  shadowgrams, 
Schlieren  photographs,  and  interferograms  of  the  tests. 


IV.  Results  and  Discussion 


The  experimental  studies  were  conducted  at  Mach 
Numbers  of  11  and  13  for  a  range  of  blowing  rates  (B' 
from  0.01  to  5).  Both  sharp  and  blunt  nosetip 
configurations  were  employed  in  this  study,  however  the 
principal  emphasis  was  on  flows  which  were  not 
influenced  by  entropy  swallowing  effects.  The  molecular 
weight  of  the  injectant  was  varied  by  diluting  the 
principal  injectant  nitrogen  with  helium  to  provide  a  gas 
with  a  molecular  weight  similar  to  that  of  a  typical 
ablator.  A  major  objective  of  the  current  study  was  to 
investigate  the  effects  of  blowing  on  boundary  layer 
separation.  Measurements  were  made  for  a  series  of 
flap  angles,  which  in  the  absence  of  blowing,  the  flow 
was  attached.  Vie  also  studied  the  effects  of  blowing 
and  roughness  on  flows  which  were  well-separated.  A 
matrix  ol  the  runs  made  in  the  current  experimental 
program  is  shown  in  Figure  14,  and  the  test  conditions 
reported  in  Figure  15. 


Performance  of  New  Heat  Transfer  and  Skin  Friction 
Instrumentation 


A  significant  accomplishment  in  this  study  was 
the  development  three  new-  types  of  instrumentation  to 
obtain  detailed  measurements  in  the  presence  of 
roughness  and  blowing.  To  provide  information  which  is 
of  direct  value  to  those  attempting  to  model  the  macro¬ 
scopic  flow  mechanics  around  the  roughness  elements, 
we  must  provide  measurements  of  the  heat  transfer 
distribution  around  and  at  the  base  of  the  roughness 
elements.  These  measurements  would  be  of  little  use  if 
the  gages  themselves  were  not  an  integral  part  ol  the 
blowing  surface  with  the  injected  gas  passing  through 
and  flowing  over  the  sensing  element.  Clearly,  such 
requirements  significantly  complicate  the  design  and 
construction  of  the  gage.  However,  these  very  difficult 
problems  were  overcome,  and  a  series  of  very  unique 
measurements  were  obtained. 
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Design  and  Measurements  with  the  New  Skin  Friction 
Gages 

The  skin  friction  gage,  shown  schematically  in 
Figure  12,  is  an  acceleration  compensated  single 
component  force  balance  in  which  transpiration  cooling 
passages  are  vented  through  the  surface  of  the  gage.  A 
floating  diaphragm,  which  in  this  particular  design 
embodies  two  roughness  elements,  is  supported  flush  with 
the  surface  on  a  piezoelectric  sensing  beam  through  a 
single  fixture.  The  diaphragm  is  stabilized  around  its 
perimeter  silicon  posts.  The  silicon  posts  are  molded 
into  a  gasket  that  contains  a  rubber  boot  which  is 
cemented  between  the  diaphragm  and  the  body  of  the 
gage  to  prevent  the  hot  gases  from  reaching  the  crystal 
beam.  A  second  beam  and  diaphragm  combination  is 
incorporated  into  the  body  of  the  gage  to  provide  a  signal 
used  for  transducer  acceleration  compensation.  The 
electrical  signals  from  the  sensing  and  compensation 
beam  are  added  electrically  in  such  a  manner  that  when 
the  gage  is  “shaken"  in  the  absence  of  an  air  load,  the 
net  output  is  zero.  The  injection  flow  through  the  gage 
is  metered  through  a  series  of  sonic  orifices  set  in  the 
base  of  the  gage.  The  geometric  and  mechanical  design 
features  of  the  gages  were  refined  in  a  series  of  bench 
tests  and  tunnel  studies.  The  developed  gage  has  a 
frequency  response  of  20  kHz  and  a  sensitivity  of  20,000 
mV/psi.  A  typical  output  of  this  skin  friction 
instrumentation  during  a  run  with  injection  through  the 
gage  is  shown  in  Figure  16. 

New  "Rouchness  and  Blowing"  Heat  Transfer  Instrumen¬ 
tation 

During  the  course  of  these  studies  we  developed 
two  new  gages  to  measure  heat  transfer  in  the  presence 
of  roughness  and  blowing.  The  first  was  a  calorimeter 
gage  which  measured  the  total  heat  transfer  rate  to  a 
segment  of  the  surface.  The  second  was  a  gage  which 
provided  the  detailed  distribution  of  heat  transfer  over 
the  roughness  elements  and  on  the  base  of  the  model 
between  the  roughness  elements.  In  each  case,  the  size 
and  geometry  of  the  gage  was  selected  so  that  it  was 
a  representative  segment  of  the  roughness  and  blowing 
surface.  Thus,  we  selected  a  rectangular  segment  which 
contained  two  roughness  elements  and  two  transpiration 
cooling  ports. 

Calorimeter  Instrumentation  A  photograph  of  the 
calorimeter  gage  is  shown  in  Figure  11.  The  sensing 
element  is  a  silver  calorimeter  slug  the  temperature  of 
which  is  measured  with  a  nickel  resistance  thermometer 
attached  to  the  rear  surface.  Two  roughness  elements 
are  molded  into  the  surface  of  the  calorimeter  slug  as 
the  element  is  minted  from  a  pure  silver  billet.  The 
rear  surface  of  the  gage  is  highly  polished,  and  then 
coated  with  several  different,  thin,  electrically  insulating, 
but  thermally  conducting  layers  upon  which  the  nickel 
film  is  deposited.  While  this  gage  is  significantly  more 
difficult  to  construct  than  one  employing  a  thermocouple 
sensor  peened  into  the  base  of  the  silver  slug,  attaining 
a  sensitivity  of  almost  an  order  of  magnitude  larger  that 
the  thermocouple  gage  is  well  worth  the  added  effort. 
The  calorimeter  elements  are  cemented  into  a  Macor 
holder  with  an  ultra-low  conductivity,  polyurethane 
adesive  which  has  a  thermal  diffusion  depth  of  a  fraction 
of  a  thousand  during  the  7  millisecond  test  time.  This 
same  adhesive  was  used  to  cement  the  transpiration  tubes 
as  they  passed  through  the  calorimeter  element.  Thus, 
during  the  test  time,  there  was  negligible  loss  in  heating 
from  this  source  or  the  evacuated  rear  surface  of  the 
gage.  The  injectant  which  passed  through  the  gage  was 


metered  through  a  series  of  sonic  orifices  at  the  base 
of  the  passageway.  The  design  and  operation  of  these 
gages  were  refined  in  a  number  of  bench  tests  and  tunnel 
studies.  While  dynamic  calibrations  have  been  performed 
with  a  high  powered  laser  heat  source,  we  have  found 
that  computing  the  sensitivity  on  the  basis  of  measuring 
the  mass  of  the  pure  silver  slug  and  the  temperature 
coefficient  of  the  nickel  resistence  thermometer 
consistantly  gives  the  most  accurate  results.  A  typical 
output  from  the  calorimeter  gages  is  shown  in  Figure  17. 
The  gage  has  a  response  time  of  less  than  a  millisecond. 
A  sliding  least-squares  technique  is  used  to  fit  the 
temperature  record,  and  this  curve-fit  is  differentiated 
to  obtain  the  temperature  rate  of  change  required  to 
calculate  the  heat  transfer  rate.  Fifteen  of  the 
calorimeter  gages  were  constructed  and  used  successfully 
in  this  program. 

Thin  Film  Heat  Transfer  Instrumentation  The  miniature 
thin  film  instrumentation  employed  in  this  study  enabled, 
for  the  first  time,  detailed  distributions  of  heat  transfer 
to  be  obtained  on  the  actual  roughness  elements  and  on 
the  cone  surface  adjacent  to  the  injection  ports  and  the 
roughness  elements.  Again,  the  size  of  the  gage  was 
selected  to  give  a  representative  segment  of  the  surface. 
Each  gage  contained  1 1  individual  heat  transfer  gages. 
The  positioning  of  the  7  thin  films  around  the  base  of 
the  roughness  elements  and  around  the  injection  ports 
was  selected  to  provide  distribution  of  heating  in 
sufficient  detail  to  infer  the  key  aerothermal  phenomena 
(see  Figures  9  and  10).  Likewise  the  five  measurements 
over  the  roughness  elements,  which  could  be  oriented 
relative  to  direction  of  the  free  stream,  were  selected 
to  obtain  the  heating  loads  as  well  as  provide  evidence 
to  define  the  micro-structure  of  the  flow.  Two  injection 
passages  run  through  the  body  of  the  gage,  and  as  in 
the  calorimeter  and  skin  friction  gages,  the  flow  through 
these  passages  are  regulated  by  sonic  orifices  at  the  base 
of  these  tubes.  The  temperature  coefficients  of  the  thin 
film  resistance  elements  are  measured  in  an  oil  bath. 
We  employ  the  thermal  properties  of  the  pyrex  substrate. 
The  heat  transfer  rate,  shown  m  Figure  15,  is  derived 
from  the  surface  temperature/time  history  using  the 
Rae/Tauble  algorithm  (Ref.  35). 

Interferometer  Studies  with  BlowinE  and  Roughness  Mode! 

During  the  blowing  and  roughness  studies  a 
significant  effort  was  devoted  to  flow  visualization  and 
measurements  with  holographic  interferometry.  Both 
infinite  and  semi-inlinite  fringe  techniques  were  used, 
the  first  principally  for  flow  visualization,  and  the  second 
for  quantitative  flow  field  measurements.  During  the 
course  of  these  studies,  measurements  were  made  for  a 
range  of  compression  angles  and  blowing  rates  lor  a 
rough  surface  configuration.  Both  nitrogen  and 
nitrogen/helium  mixtures  were  used  as  injectant,  but 
clearly,  only  the  interferograms  made  with  the  nittrogen 
can  be  the  subject  of  quantitative  interpretation. 

A  typical  example  of  an  infinite  fringe  for  a  small 
blowing  rate  and  a  compression  surface  angle  of  25 
degrees  is  shown  in  Figure  19.  In  this  photograph,  the 
shock  layer  and  the  boundary  layer  over  the  cone  ahead 
of  the  expansion  corner  are  well-defined  as  is  the 
expansion  of  the  boundary  layer  around  this  expansion 
corner.  Boundary  layer  separation  takes  place  halfway 
along  the  flat  surfaces  ahead  of  the  compression  ramp 
resulting  in  a  well-defined  separated  region  approximately 
three  boundary  layer  thicknesses  in  length.  The 
recirculation  region  is  well-defined  with  holographic 
interferometry,  and  in  this  case  there  appears  to  be 
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multiple  bubbles.  The  separation  shock,  which  is  clearly 
visible  when  it  emerges  from  the  boundary  layer, 
indicates  by  its  changes  in  curvature  that  the  separation 
region  is  unsteady,  a  feature  also  observed  on  smooth 
non-blowing  surfaces.  Shown  for  comparison  in  Figure  20 
is  the  equivalent  non-blowing  configuration.  Here  there 
is  little  or  no  separation  and  the  corner  shock  is  relatively 
steady.  Decreasing  the  flap  angle,  again  with  no  blowing, 
results  in  a  completely  attached  flow  over  the  model  as 
shown  in  Figure  21.  Increasing  the  blowing  to  a  level 
above  that  used  lor  run  3<»,  we  see  in  Figure  22  that 
the  separation  is  further  extended  until  the  separation 
lor  blowing  rates  of  B'  =  3  has  moved  forward  to  the 
cone/flat  junction  as  shown  in  Figure  23.  Finally  for 
blowing  rates  boundary  layer  blow  off  occurs  on  the  cone 
and  the  flow  over  the  entire  model  is  separated  as  shown 
in  Figure  24.  The  finite  fringe  operating  mode  is  the 
one  from  which  the  most  accurate  measurements  of  the 
distribution  of  density  through  the  boundary  layer  and 
shock  layer  can  be  obtained.  To  obtain  a  quantitative 
determination  of  the  density,  the  assumption  must  of 
course  be  made  that  the  flow  is  either  two  dimensional 
or  completely  axisymmetric  and  the  latter  assumption  is 
potentially  true  only  on  the  conical  section  of  the  model, 
in  Figure  25  we  show  a  finite  fringe  hologram  for  a  flow 
with  very  small  blowing  in  which  the  cone  boundary  layer 
shows  no  visible  evidence  of  injection  at  its  base.  The 
boundary  layer  appears  to  remain  attacheo  in  the 
compression  corner.  Tripling  the  blowing  rate  results  in 
a  definitive  change  in  the  structure  at  the  base  of  the 
boundary  layer  on  the  cone  and  the  formation  of  a 
definitive  separated  region  at  the  flat/compression 
surface  junction,  as  shown  in  Figure  26.  For  large  blowing 
rates,  the  structure  of  the  shock  layer  is  complete!, 
distorted  by  blowing  with  the  density  increasing  from; 
the  bow  shock  to  the  top  of  the  shear  layer  before 
dropping  rapidly  to  a  relatively  constant  density  region 
close  to  the  wall,  as  shown  in  Figure  27.  Here  flow 
separation  has  moved  forward  to  almost  the  cone/fiat 
junction  and  a  large  portion  of  the  flap  is  covered  witii 
a  separated  region.  Increasing  the  blowing  further  begins 
to  move  the  bow  shock  away  from,  the  body  and  the 
stucture  of  the  complete  shock  layer  is  controlled  by 
surface  blowing  as  shown  in  Figures  2S  and  29.  Also 
shown  in  Figures  30  and  31  are  the  holograms  with  a 
hell  urn /nitrogen  mixture  for  the  blowing  gas  at  low  and 
high  injection  rates  respectively.  While  only  qualitative 
results  can  be  deduced  from  these  photographs,  it  is 
clear  that  blowing  with  a  gas  of  low  molecular  weight 
has  a  significantly  greater  effect  on  the  structure  of  the 
flow  over  the  cone  and  compression  surface. 

Effects  of  Transpiration  Cooling  on  Surface  Skin  Friction 
and  Heating  and  Pressure 

The  effects  of  mass  addition  on  the  skin  friction 
and  heat  transfer  to  the  rough  cone/flap  configuration 
were  investigated  at  Mach  numbers  of  11,  13  and  16  for 
a  range  of  blowing  rates  (B')  from  0  to  10.  A  test 
matrix  of  these  studies  is  given  in  Figure  14  and  a  listing 
of  the  run  conditions  are  tabulated  in  Figure  15. 

Figure  32  shows  the  distribution  of  heat  transfer 
rate  to  the  surface  of  the  rough  cone/flap  model  for  a 
range  of  blowing  rates  at  Mach  11.  The  distribution  of 
heating  rate  on  the  cone  surface  and  over  the  roughness 
elements  are  shown  for  each  gage  station  along  the 
model.  Here  we  observe  that  in  the  absence  of  blowing, 
the  peak  heating  on  the  roughness  elements  is  typically 
10  times  the  levels  at  the  base  of  the  roughness  elements. 
At  the  higher  blowing  the  peak-to-base  heating  ratios 
have  dropped  to  values  close  to  3. 


Measurements  similar  to  those  described  above  are 
shown  for  the  Mach  13  condition  in  Figure  33  a-f,  and 
those  for  the  Mach  15  condition  are  shown  in 
Figure  34  a-c.  We  again  see  that  the  peak/base  heating 
levels  are  between  3  and  10  depending  upon  the  blowing 
rates. 

The  distribution  of  heating  rate  over  the  roughness 
elements  for  a  range  of  low  blowing  rates  plotted  as  a 
fraction  of  maximum  heating  rate  is  shown  in  Figure  35. 
Here  we  see  that  for  the  lower  blowing  rates  the  shape 
of  the  distribution  becomes  more  rounded  with  increasing 
blowing.  At  the  larger  blowing  rates  shown  in  Figure  35, 
the  peak  heating  is  now  only  three  times  the  base  value 
compared  with  factors  of  up  to  ten  times  for  the  weakly 
blowing  case. 

The  variation  of  peak  heat  transfer  measured  on 
the  roughness  elements  along  the  cone  for  a  range  of 
blowing  rates  for  the  Mach  11  and  13  conditions  are 
shown  in  Figures  36a  and  36b.  Similar  distributions  are 
shown  lor  heating  levels  on  the  floor  between  the 
roughness  elements  and  injectors  in  Figure  37a  and  37b. 
Measurements  from  the  calorimeter  gages  plotted  in  this 
format  are  shown  in  Figure  3Sa  and  38b.  Clearly  the 
peak  heating  levels  show  a  larger  variation  with  lambda 
than  those  at  the  base  of  the  roughness  elements. 

The  measurements  of  heating  to  the  model, 
normalized  by  the  value  for  negligiable  blowing  rate,  are 
plotted  versus  blowing  parameter  in  Figures  39a,  39b, 
40a,  40b,  41a  ano  41b.  We  observe  a  rapid  decrease  in 
the  heat  transfer  rates  with  blowing  rates  for  low  values 
of  the  blowing  parameter,  and  for  blowing  parameters 
above  3  there  is  little  decrease  in  heat  transfer  with 
increased  blowing. 

One  of  the  unique  features  of  this  study  is  that 
both  skin  friction  and  heat  transfer  measurements  were 
obtained  simultaneously  for  each  of  the  blowing  rates 
and  free  stream  conditions.  Thus,  we  can  provide  an 
analogous  set  of  skin  friction  plots  to  those  presented 
above  for  heat  transfer.  The  variations  in  skin  friction 
along  the  cone  for  a  range  of  blowing  rates  are  shown 
in  Figures  42a  and  42b  for  Mach  11,  13,  respectively. 
These  measurements  are  non-dimensionalized  by  the  zero 
blowing  value  and  re-plotted  to  show  the  variation  of 
skin  friction  with  blowing  rate  parameters  in  Figure  43. 
Again,  following  a  rapid  decrease  in  skin  friction  with  a 
mass  addition  rate  above  B'  of  1,  there  is  little  decrease 
in  skin  friction  with  increased  blowing.  Me  speculate 
that  for  blowing  rales  of  B'  over  2.0,  the  boundary  layer 
begins  to  lift  from  the  surface.  This  contention  is 
supported  by  the  pressure  measurements  shown  in 
Figure  44  which  suggest  boundary  "lift  off"  begins  at 
values  of  blowing  close  to  1. 

Comparisons  with  Earlier  Measurements  and  Correlation 

The  experimental  study  of  Voisinet^  is  the  only 
published  study  which  has  provided  information  in 
supersonic  flow  on  the  effects  of  combined  roughness 
and  blowing  on  the  skin  friction  to  a  rough  porous  surface. 
Since  these  studies  were  conducted  for  adiabatic  wall 
conditions  only  skin  friction  measurements  were  made  in 
this  work.  Almost  all  the  theoretical  approaches  have 
investigated  blowing  effects  on  smooth  surfaces,  the  work 
of  Christoph32  and  Laganelli,  et  al33  being  the  excep¬ 
tions.  The  blowing  parameter  Sf  has  been  employed 
by  the  major  segment  of  the  community  to  correlate  the 
skin  friction  data,  where 
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/>e  ‘^e 

where  the  equivalent  parameter  lor  heat  transfer  is 

3. 

s'  -  ^ 

"  /"e  “e  ^ho 

In  the  cases  where  the  molecular  weight  of  the 
injected  gas  differs  from  that  of  the  freestream, 
parameters(MWj„WMwp,)''andCefi>i^/c^^s)^  *'■* 

to  modify  the  skin  friction  and  heat  transfer  parameters  4. 
Bf  and  respectively.  For  turbulent  flows  Ti  =  2/3 

andrr)=  j  have  been  selected.  For  flows  over  non-porous 
surfaces  the  relationship 

_f£.  , 


Voisinet,  R.L.P.,  "Combined  Influence  of 
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has  been  shown  to  be  in  good  agreement  with 
measurements  in  incompressible  flows^^*.  Further 
studies^^*^^  which  have  included  the  effects  of 
compressibility  suggest  that 


,  -  CH 


'/•a 


is  a  better  representation  of  the  measurements. 

In  our  studies  there  was  a  significant  surface 
roughness  effect  at  all  the  blowing  conditions  at  Mach 
number  significantly  larger  than  the  earlier  work, 
therefore  we  cannot  expect  the  earlier  approaches  to  be 
totally  valid.  A  comparison  between  our  skin  friction 
measurements  and  those  of  Voisinet^  are  shown  in 
Figure  42  together  with  the  conterT,porary  correlations 
for  compressible  flows.  Here  we  see  that  our 
measurements  fall  above  those  of  Voisinet^  and  more  in 
line  with  the  correlations  of  Walker 37  and  Langanelli33. 
The  heat  transfer  measurements  plotted  in  an  analogous 
format  arc  shown  in  Figure  43. 

Clearly  we  will  have  to  await  our  studies  on 
smooth  bodies  with  and  in  the  absence  of  blowing  before 
we  can  make  definitive  statements  on  the  effects  of 
Mach  numbers  in  these  flows. 


6. 


7. 


8. 


9. 


10. 


11. 


12. 


V.  Conclusion 


In  the  studies  of  blowing  and  roughness  effects  on 
the  characteristics  of  turbulent  hypersonic  boundary  13. 
layers  a  unique  set  of  measurements  were  obtained  which 
provide  the  basis  for  the  direct  evaluation  of  the  basic 
modeling  of  these  phenomena  effects  of  roughness  and 
blowing  on  the  aerothermal  characteristics  of  flows  over 
cones  friction  and  local  and  average  heating  on  rough  19. 
transpiration-cooled  surfaces.  Experimental  studies 
conducted  at  Mach  numbers  of  11,  13  and  16  for  turbulent 
correlations  are  presented  to  show  the  effects  of  blowing 
on  the  distribution  of  skin  friction  and  heat  transfer  over 
the  cone/flap  model  and  on  the  distribution  of  heating  15. 
over  the  individual  roughness  elements. 
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SURFACE  DISTANCE  ~  INCHES 


COMPARISON  BETWEEN  THE  TURBULENT  THEORIES  OF  CROWELL;  AND 
SMOOTH-WALL,  AND  ROUGH-WALL  MEASUREMENTS  OF  HOLDEN  ON  12" 
DIAMETER  HEMISPHERE  (M  =  11.2,  Rep  =  11  x  10°  ,  K  =  12.5) 


DISTANCE  FROM  STAGNATION  POINT  -  INCHES 

HEAT  TRANSFER  MEASUREMENTS  ON  SCANT  AND  SMOOTH  HEMISPHERICAL 
NOSETIP  SHOWING  HOW  SMALL  BLOWING  BRINGS  DOWN  HEATING  LEVELS 
TO  SMOOTH  WALL  VALUES 


Figure  3  HEAT  TRANSFER  MEASUREMENTS  INDICATING  THAT  SMALL  BLOWING 

ON  ROUGH  NOSETIP  INITIALLY  ACTS  TO  BRING  DOWN  HEATING  LEVELS  TO 
SMOOTH-WALL  VALUES 


13 


Figure  7 


\MDAPi<;nN  rftWEEN  the  MEASUREMENT  MADE  ON  THE 
!ANSP^T.ON™oo\ErNOSET,PSW  NITROGEN  INJECTANT 
.ir\Tuc  PARI  IFR  blockage  DATA 


Figure  11  CALORIMETER  GAGE 


Figure  13  LASER  HOLOGRAPHIC  SYSTEM 


Run  If 

Mach# 

Reynolds# 

(10~6/Ft) 

Blowing 

Rate 

Injectant 

Flap  Angle 
(Deg) 

A.O.A. 

(Deg) 

Nose  Type 

2 

13 

5.0 

0 

Nitrogen 

15 

0 

Sharp 

3 

13 

5.0 

0 

Nitrogen 

15 

0 

Sharp 

4 

13 

5.0 

.837 

Nitrogen 

15 

0 

Sharp 

5 

13 

5.0 

.875 

Nitrogen 

15 

0 

Sharp 

6 

13 

5.0 

1.650 

Nitrogen 

15 

0 

Sharp 

7 

13 

5.0 

4.043 

Nitrogen 

15 

0 

Sharp 

9 

13 

5.0 

.479 

Nitrogen 

25 

0 

Sharp 

10 

13 

5.0 

1.715 

Nitrogen 

25 

0 

Sharp 

11 

13 

5.0 

4.218 

Nitrogen 

25 

0 

Sharp 

12 

13 

5.0 

.862 

Nitrogen 

25 

0 

Sharp 

13 

13 

5.0 

.677 

Nitrogen 

25 

0 

Sharp 

14 

13 

5.0 

.106 

Nitrogen 

25 

0 

Sharp 

15 

13 

5.0 

2.765 

Nitrogen 

25 

0 

Sharp 

16 

13 

5.0 

.678 

N2/He 

25 

0 

Sharp 

17 

13 

5.0 

.255 

N2/He 

25 

0 

Sharp 

18 

13 

5.0 

1.586 

N2/He 

25 

0 

Sharp 

20 

13 

5.0 

.731 

Nitrogen 

30 

0 

Sharp 

21 

13 

5.0 

.341 

Nitrogen 

30 

0 

Sharp 

22 

13 

5.0 

5.382 

Nitrogen 

30 

0 

Sharp 

23 

13 

5.0 

2.015 

Nitrogen 

30 

0 

Blunt 

24 

13 

5.0 

.721 

Nitrogen 

30 

0 

Blunt 

25 

13 

5.0 

.  352 

Nitrogen 

35 

0 

Sharp 

26 

13 

5.0 

.711 

Nitrogen 

35 

0 

Sharp 

27 

13 

5.0 

2.125 

Nitrogen 

35 

0 

Sharp 

28 

13 

5.0 

.561 

N2/He 

35 

0 

Sharp 

29 

11 

4.0 

.  526 

Nitrogen 

25 

0 

Sharp 

30 

11 

4.0 

1.126 

Nitrogen 

25 

0 

Sharp 

31 

11 

4.0 

0 

Nitrogen 

25 

0 

Sharp 

32 

11 

10.0 

1.686 

Nitrogen 

25 

0 

Sharp 

33 

11 

10.0 

.678 

Nitrogen 

25 

0 

Sharp 

3  4 

11 

10.0 

.222 

Nitrogen 

25 

0 

Sharp 

3  5 

1 1 

10.0 

3.931 

Nitrogen 

25 

0 

Sharp 

36 

11 

10.0 

.  374 

N2/He 

25 

0 

Sharp 

37 

1  1 

10.0 

.870 

N2/He 

25 

0 

Sharp 

38 

11 

10.0 

.202 

N2/He 

25 

0 

Sharp 

39 

11 

10.0 

1.329 

N2/He 

25 

0 

Sharp 

40 

15 

1.5 

.398 

Nitrogen 

25 

0 

Sharp 

41 

15 

1.5 

.560 

Nitrogen 

25 

0 

Sharp 

42 

15 

1.5 

1.329 

Nitrogen 

25 

0 

Sharp 

43 

13 

7.0 

.637 

Nitrogen 

25 

3 

Sharp 

44 

13 

7.0 

.305 

Nitrogen 

25 

3 

Sharp 

45 

13 

7.0 

2.102 

Nitrogen 

25 

3 

Sharp 

46 

13 

6.0 

.681 

Nitrogen 

25 

3 

Blunt 

47 

13 

6.0 

.652 

Nitrogen 

25 

6 

Blunt 

4  8 

1  3 

6.0 

.305 

Nitrogen 

25 

6 

Sharp 

4  9 

13 

6.0 

.679 

Nitrogen 

25 

6 

Sharp 

50 

13 

6.0 

2.216 

Nitrogen 

25 

6 

Sharp 

Figure  14  TEST  MATRIX  FOR  THE  BLOWING  AND  ROUGHNESS  STUDIES 
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Run 

Po/10'4 

Ho/ 10  7 

To 

M® 

U(D 

To 

P® 

Rho® 

PSIA 

(FT/SEC)  -^2 

«R 

FT/SEC 

«R 

PSIA 

SLUGS /FT3 

3 

1.7860 

2. 1181 

3063.0 

12.968 

6417.3 

101. 82C 

. 076982 

6.  3447 (-5) 

4 

1.8555 

2.0879 

3027.2 

13.026 

6372.  1 

99.50C 

. 078939 

6.  6579 (-5) 

5 

1.7671 

2.0745 

3011.5 

13.003 

6351.4 

99.20E 

. 075545 

6. 3905 (-5) 

6 

1 . 8268 

2.  1 142 

3061.5 

13.019 

6412.0 

100. 87C 

.077164 

6.4199<-5) 

7 

1 . 8100 

2.0850 

3025.8 

13.028 

6367.8 

99.33S 

.076571 

6.  4686 (-5) 

9 

1.7010 

2.0126 

2939.2 

13.052 

6256.5 

95.54‘; 

.071542 

6.  2835 (-5) 

10 

1.7815 

2. 1206 

3073.3 

13.031 

6421.9 

100. 99C 

. 074230 

6. 1681 (-5) 

1  1 

1 . 8303 

2.2023 

3174. 1 

13.014 

6544.2 

105. 15C 

. 075595 

6.  0334 (-5) 

12 

1 . 8320 

2. 1121 

3059.7 

13.029 

6409.0 

100. 62C 

. 077089 

6.4291 (-5) 

13 

1 . 8383 

2. 1364 

309 1 . 3 

13.034 

6445.9 

101. 71C 

. 076666 

6. 3259 (-5) 

14 

1 . 8366 

2. 1037 

3048.2 

13.025 

6396.  1 

100. 28C 

. 077665 

6.4996(-5) 

15 

1 . 8235 

2. 1237 

3075.0 

13.028 

6426.6 

101. 18C 

. 076408 

6. 3372 (-5) 

16 

1.7693 

2.0641 

2997.2 

12.997 

6335.2 

98.793 

.076130 

6. 4669 (-5) 

17 

1.8415 

2. 1037 

3048. 2 

13.027 

6396.  1 

100.  25(1 

) 

.  077837 

6. 5160 (-5) 

18 

1.8528 

2. 1195 

3069. 3 

13.037 

6420.3 

100. 84C 

) 

. 077633 

6. 4605 (-5) 

20 

1 . 7933 

2.1111 

3059.9 

13.025 

6407.5 

100. 63C 

J 

. 075254 

6. 2760 (-5) 

21 

1.7983 

2. 1333 

3088. 5 

13.028 

6441.0 

101. 63C 

) 

. 074909 

6. 1853 (-5) 

^  A- 

1 . 7878 

2, 0882 

30 3o . 6 

13.026 

6372.6 

99.531 

.075458 

6. 3623 (-5) 

^  J' 

1.8753 

2. 1386 

3092.2 

13.032 

6449. 0 

101.83C 

) 

.  078565 

6. 4745 (-5) 

24 

1 . 8060 

2.0894 

3033. 7 

13.047 

6374.  B 

99.273 

.075531 

6. 3850 (-5) 

^5 

1.6813 

2 . 0606 

2996. 3 

12.994 

6329.  9 

98.672 

.071683 

6.0966 (-5) 

26 

1.8528 

2. 1216 

3073. 2 

13.048 

6423.7 

100. 790 

.077172 

6. 4254 (-5) 

27 

1 . 7658 

2.0785 

3023. 0 

13.062 

6358.3 

98.528 

.073123 

6.2282 (-5) 

28 

1 . 7993 

2 .  064 1.^ 

3002. 2 

13.058 

6335.  9 

97.  90J 

D 

.075321 

6. 4562 (-5) 

29 

.7294.: 

1 . 7309 

2598.2 

1 1 . 006 

5768.8 

114.250 

.092331 

6. 7820 (-5) 

30 

.  74835 

1.7749 

2655. 0 

10.998 

5841.5 

1 17. 32C 

.094527 

6.7618(-5) 

31 

.75930 

1.7521 

2625. 9 

11.012 

5804 .  1 

115.52< 

) 

.  09 5 "70 

6.9572 (-5) 

1 . 7363 

1.6998 

2575.8 

1 1.347 

5723. 5 

105.  80< 

> 

. 20" 250 

1.6439 (-4) 

33 

1 . 7585 

1 . 7248 

2609. 1 

1 1 . 354 

5765.6 

107.  23( 

) 

. 208200 

1 . 6294 (-4) 

34 

1.7423 

1 . 7265 

2612.3 

1 1 . 356 

5768. 4 

107. 29( 

) 

.  205350 

1 . 6062 (-4) 

35 

1 . 7263 

1.7357 

2624.8 

11. 353 

5783.7 

107. 93< 

) 

. 202780 

1.5767 (-4) 

36 

1 . 7350 

1 . 7200 

2602. 3 

1 1 . 343 

5757.4 

107. 130 

.206210 

1. 6154(-4> 

37 

1 , 7435 

1.7341 

2621.6 

11.351 

578 1 . 0 

107. 87( 

) 

.205710 

1 . 6004 ( -4  > 

38 

1 . 6933 

1 . 7223 

2607 . 9 

1 1 . 348 

5761 . 3 

107. 18C 

. 199160 

1.5593 (-4) 

39 

1.7123 

1 . 6855 

2557.2 

1 1 . 343 

5699. 2 

104. 98t 

. 204900 

1.6380  (-4) 

40 

1.7995 

4.0076 

5484.8 

15.867 

8869. 7 

129.  93f 

; 

.012272 

7.9261 (-6) 

41 

1.8348 

2.9248 

4028. 1 

15.414 

7572.9 

100. 37f 

; 

.019757 

1 . 6519 (-5) 

42 

1.8133 

2.9680 

4080. 7 

15.396 

7628.5 

102. 09< 

.019439 

1 . 5979 (-5) 

43 

2.0123 

1 . 7570 

2646.7 

13.319 

5849.  1 

80. 192 

.083197 

8. 7065 (-5) 

44 

2.0323 

1 . 7925 

2693. 2 

13.326 

5908.0 

81 . 733 

. 082990 

8.521 1 <-5) 

45 

2.0693 

1.8393 

2754.4 

13.338 

5984.8 

83.71^ 

1 

•  08307 6 

8. 3280 < -5) 

46 

1.9748 

1.8215 

2733. 0 

13.329 

5955. 6 

83.012 

. 079161 

8. 0027 (-5) 

47 

2.0848 

1.8666 

2788. 7 

13.326 

602G.0 

85.  1 1 

. 083643 

8. 2473 (-5) 

48 

2.0440 

1.8476 

2766. 1 

13.341 

5998.3 

84.05E 

3 

.081471 

8. 1337 (-5: 

49 

2.0260 

1.8653 

2789. 9 

13.342 

6027.0 

84.854 

. 080084 

7.9203 (-5) 

50 

2. 0383 

1.8941 

2827.2 

13.343 

6073. 2 

86. 14: 

? 

. 079889 

7.7829 (-5' 

Figure  15  EXPERIMENTAL  TEST  CONDITIONS 
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Figure  18  HEAT  TRANSFER  TIME  HISTORY  FROM  THIN  FILM  INSTRUMENT 


Figure  19  INTERFEROMETER  PHOTOGRAPH  B'  =  0.222 


Figure  21  INTERFEROMETER  PHOTOGRAPH  B'  =  0.0 


Figure  22  INTERFEROMETER  PHOTOGRAPH  B'  -  0.678 


Figure  24  INTERFEROMETER  PHOTOGRAPH  B’  =  3.931 


Figure  25  INTERFEROMETER  PHOTOGRAPH  B’  =  0.106 


Figure  26  INTERFEROMETER  PHOTOGRAPH  B'  =  0.526 
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Fiijure  30  INTERFEROMETER  PHOTOGRAPH  B'  2.549 


Fitjure  31  INTERFEROMETER  PHOTOGF  -^PH  B'  -  1.586 
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Figure  32a  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
(RUN  #34,  B'=0.231.  M=11.  Re/FT=1.0X10~  7) 
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Figure  32b  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
(RUN  #  33,  B'-0.705,  M=11.  Re/FT=1.0X10''7) 
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Figure  32c  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
(RUN  if  32,  B'=1.751.  M=n.  Re/FT-1.0X10"7) 
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Figure  32d  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
(RUN  #  35,  B'=4.083.  M=11.  Re/FT=1.0X10“7) 
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Figure  33a  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
(RUN  #  3,  B'=0.000,  M=73.  Re/FT=5.0X10^6| 
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Figure  33b  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
(RUN  #  9,  B'=0.366,  M=13.  Re/FT=5.0X10“6) 


100 


Figure  33c  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
(RUN  if  4,  B'=0.639,  M=13.  Re/FT=5.0X10^6) 
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Figure  33d  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
(RUN  #  6,  B’-T259.  M=13.  Re/FT=5.0X10'6) 


Linear  Distance  from  Nose  Reference  Joint  (inches) 

Figure  33e  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
(RUN  it  15.  B'=2.111.  M=13.  Re/FT=5.0X10"6) 
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Figure  33f  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
(RUN  H  7,  B'=3.086.  M=13.  Re/FT=5.0X10~6) 


Figure  34a  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
(RUN  #  40,  B'-0.398,  M=15,  Re/FT=1.5X10''6) 


Figure  34b  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
{RUN  #  41,  B'-0.560,  M=15.  Re/FT=1.5X10^6) 
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Figure  34c  DISTRIBUTION  OF  HEATING  ALONG  MODEL  SURFACE 
(RUN  42,  8  =1.329,  M=15,  Re/FT=1.5X1J~6) 


Blowing  Rates:  X  Zero  □  0.077  O  0.269 


Figure  35a  NORMALIZED  HEAT  RATE  DISTRIBUTIONS  FOR  VARYING  BLOWING  RATE 
M=13,  Re/FT  =  5X10  6,  N2  INJECTANT.  SHARP  NOSE 


Blowinq  Rates:  X  0.639  □  1.259  <0  1.622  O  2.111  ☆  3.086 


Figure  35b  NORMALIZED  HEAT  RATE  DISTRIBUTIONS  FOR  VARYING  BLOWING  RATE 
M=13,  Re/FT  =  5X10  6,  N2  INJECTANT,  SHARP  NOSE 


Blowing  Rates:  X  .062  □  .188  0.467  01.089 


BLOWING  RATES  (MACH  #=11) 


Blowing  Rates:  X  Zero  □  0.110  0  0.191  0  0.377  ☆  0.632  O  0.924 


BLOWING  RATES  (MACH  K  =  13) 


Blowing  Rates:  X  0.264  □  0.807  O  2.006  O  4.677 


U  X 

(>6 


BLOWING  RATES  {MACH  tl' =  11) 


Blowing  Rates:  X  Zero  □  0.540  O  0.942  O  1.760  ☆  3.115  «  4.554 


BLOWING  RATES  (MACH  #  -  13) 


Blowing  Rates:  X  0.222  □  0.678  O  1.686  O  3.931 


Figure  38a  CALORIMETER  HEATING  RATE  ALONG  MODEL  FOR  VARIOUS 
BLOWING  RATES  (MACH#=  11) 


Blowinq  Rates:  X  Zero  O  .479  O  .837  O  1.650  2.765  O  4.043 


BLOWING  RATES  (MACH  fl'=  13) 


Blowing  Rate 

Figure  303  VARIATION  OF  NORMALIZED  PEAK  HEATING  WITH  BLOWING  RATE 
MACH  (NORMALIZED  CH  =  CH/CHo) 


(NORMALIZED  CH  =  CH/CHo) 


Blowing  Rate 

VARIATION  OF  NORMALIZED  BASE  HEATING  WITH  BLOWING  RATE 
MACH  #  =  13  (NORMALIZED  CH  =  CH/CHo) 
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Blowing  Rate 

VARIATION  OF  NORMALIZED  CALORIMETER  HEATING  WITH  BLOWING  RATE 
MACH  #  =  13  (NORMALIZED  CH  =  CH/CHo) 
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SKIN  FRICTION  ALONG  MODEL  FOR  VARIOUS  BLOWING  RATES 
(MACH  if  =  11) 


VARIATION  OF  NORMALIZED  SKIN  FRICTION  WITH  BLOWING  RATE 
MACH  =  1 1  (NORMALIZED  CF  =  CF/CFo) 


Blowing  Rate 

VARIATION  OF  NORMALIZED  SKIN  FRICTION  WITH  BLOWING  RATE 
MACH  #  =  13  (NORMALIZED  CF  =  CF/CFo) 
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Figure  44a  VARIATION  OF  CP  WITH  BLOWING  RATE  (MACH  #  =  11) 


Figure  44b  VARIATION  OF  CP  WITH  BLOWING  RATE  (MACH  if  =  13) 
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AN  EXPERIMENTAL  STUDY  OF 
TRANSPIRATION  COOLING  ON  THE 
DISTRIBUTION  OF  HEAT  TRANSFER  AND  SKIN  FRICTION 
TO  A  SHARP  SLENDER  CONE  AT  MACH  H  AND  13 


Michael  S.  Holden* 
John  Van  Oscol** 
Kathleer.  M.  Rodriguez*** 


ABSTRACT 


Experimenta:  studies  have  been  conductec  to 
exarn.ne  the  effects  of  transpiration  cooling  on  the 
turbulent  heat  transfer  and  skin  friction  to  sharp 
slender  cones  in  hypersonic  flous.  These  studies  were 
conducted  at  Mach  11  and  13  for  Reynolds  numbers, 
based  on  local  conditions  and  cone  length,  of  100  x 
10^  and  50  x  10^,  respectively,  in  the  Calspan  96-inch 
shock  tunnei.  Distributions  of  heat  transfer,  skir. 
friction  and  pressure  were  obtained  along  the  cone  for 
Values  of  the  blowing  parameter  r„.1f rom  0.10 

to  5,  using  a  nitrogen  injectant.  Holographic 
interferometry  was  usee  to  examine  the  characteristics 
of  tne  flow'fieid.  A  new  skin  friction  transducer  was 
used  in  these  studies,  in  whic'  the  injectant  was 
introduced  througn  the  floating  sensing  element,  to 
obtam,  meaningfa.  irieasure'nents  of  the  reductio’.  cf 
suriace  shear  w.tn  surface  blow.ng.  Miniature  tnin- 
film  instrumentation  was  err.pioyec  to  obtain  the 
aetuiled  distnbutiori  of  heat  transfer  around  the 
Circular  inje't.on  ports  at  eacn  measurement  station 
along  the  cone.  Tne  rr,easuremehts  obtained  in  this 
stud;,  are  correlated  w.th  earlier  rrieasurerrie'.ts  at 
lower  Mach  numbers  in  ternis  of  the  rriajor  scaling 
parameters.  Comparisons  are  presented  w,t‘  the 
co-nputatior.s  h.ade  w.th  the  "BLIMP"  code,  wh.cr. 
demonstrate  that  lor  small  blowing  rates  this  code  is 
in  relatively  good  agreement  with  the  experirnentu. 
cutu.  However  lor  B'>0.5  the  code  significantly 
unaerpredictf  the  effectiveness  of  transpirat.on 
cooling.  For  these  high  blowing  levels  where  (in  the 
extremes!  boundary  layer  blow  off  occurs,  boundary 
layer  theory  is  inade<;jate  and  solutions  to  the  full  or 
reduced  time-averagec  \avier-5tokes  equations  are 
required. 

1.  INTRODUCTION 

The  modeling  of  the  turbulent  fiow  structure  over 
transpiration-coolec  and  rough  ablating  surfaces 
requires  a  detailed  understanding  of  the  rrnxing  process 
between  the  injected  fluid,  the  roughness  elements, 
and  the  fluids  at  the  base  of  the  turbulent  boundary 
layer.  Large  surface  ablatjor.,  resulting  from  heat 
transfer  generated  on  the  windward  ray  of  the 
ablative  heat  shield  close  to  the  nosetip  ana  on  the 
control  surfaces  of  vehicles  flying  at  high  angles  of 
attack,  will  be  of  critical  concern  to  the  designer  of 
vehicles  that  maneuver  during  re-entry.  To  develop 
an  accurate  predictive  capability  to  describe  the 
ablation  rates  of  the  nosetip,  heat  shield,  and  control 


surfaces,  it  is  necessary  to  understand  and  model  the 
separate  and  combined  effects  on  ablating  and  non- 
ablating  slender  cones.  Based  on  studies  of  roughness 
and  btowing  on  slender  cones,  Holden^  suggested  that 
the  subsonic  studies  are  inapplicable  to  the  heat.ng  of 
heat  shields  in  hypersonic  flow,  and  also  that  the 
basic  modeling  of  the  roughness  drag  and  mechanisn.s 
of  heating  used  in  the  theoretical  models  is  highly 
questionable. 

Earlier  studies  of  transpiration  cooling  techniques 
were  designed  principally  to  evaluate  how  the  blockage 
heat  transfer  Cgj/CnQ  varied  with  the  Mach  numbe.^, 
Rey notes  number  and  the  phyuica!  and  chemical 
properties  of  the  freestream  and  injectant.  The  lack 
of  definitive  techniques  to  predict  the  effectiveness  of 
transpiration/film  cooling  techniques  reflects  the  lack 
of  fundamental  understanding  of  turbulent  mixing  in 
the  presence  of  mass  injection  and  surface  roughness. 
There  is  a  dearth  of  turbulent  data  at  hypersonic 
speeds  where  transpiration  cooling  is  of  considerable 
interest.  Experimental  studies  have  been  conducted  in 
supersonic  flow  wTtli  fiat  plates^’^*^’^  and  cones  2.3,'-^ 
and  there  has  been  some  work  on  the  transpiratior. 
cooling  of  blunt  nosetips^i*  ■^.  Based  on  o  survey  of 
the  existing  experimental  data  in  Reference  9,  the 
correlation  shown  in  Figure  1  was  developed.  This 
correlation  indicates  that  for  large  biowing  rat'.■^ 
(P’>10),  increased  blowing  does  not  sign.ficarrtiy 
improve  thermal  protection.  This  may  wel.  res-,:* 
frorr.  a  decrease  in  the  stability  of  tne  mix.ng  la-tr 
and  an  increase  in  the  scale  of  turbulence  witr, 
increasing  blowing.  However,  Holden's  measurement', 
on  a  spherical  nosetip,  shown  in  Figures  2  and  3. 
suggest  that  heating  levels  significantly  lower  thar 
those  found  on  flat  plates  and  cones  were  obtained  fo- 
the  higher  blowing  rates.  These  latter  measurements 
could  be  correlated  in  the  form  (Cgjg-Cj-iX'Cn^  = 

1/3  However,  for  blowing  rates  of  greater  than 

one.  the  flow  became  highly  unstable  and  violent 
fluctuations  in  the  surface  heating  were  observed. 

The  measurements  made  in  earlier  stud.es  of 
transpiration  cooling  conducted  with  transpiration 
cooled  nosetips^  were  designed  principally  to 
determine  whether  blockage  effects  of  mass  injection 
are  as  large  as  predicted  by  the  current  codes.  The 
measurements  on  the  model  with  zero  blowing, 
presented  in  Figure  3,  clearly  show  that  the  intrinsic 
roughness  of  the  suriace,  causes  heating  enhancement 
factors  of  over  1.7.  In  fact,  it  can  be  seer,  by 
comparing  Figures  3  and  5  that  the  heat  transfer 
measurements  on  the  conically  rough  hemisphere  are 
in  good  agreement  with  those  obtained  on  the 
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non-blowing  transpiration-cooled  nosetip.  However, 
when  a  small  amounj  of  blowing  (B'  =  0.C32)  was 
introduced,  the  heating  rates  over  a  major  part  of  the 
transpiration-cooled  model  dropped  to  levels  close  to 
those  recorded  on  the  smooth  model,  as  shown  ir. 
Figures  and  5.  It  could  be  postulated  on  the  bas.s 
of  these  measurements  tr.at  the  initial  effect  of  nriass 
addition  from  a  rough  ablating  nosetip  is  to  modif> 
the  flow  around  the  roughness  elemients  b\  eliminating 
the  cavit)  flows  between  them,  in  such  a  w-aj  that  the 
momentum  defect  is  small.  If  the  effect  of  mass 
addition  is  to  remove  surface  roughness  as  an 
important  characteristic  parameter,  a  series  of 
questions  a'e  posed  for  the  correlation  of  flight 
measurements  in  terms  of  an  effective  surface- 
roughness  and  the  computational  procedures  in  which 
the  ablatiOn  rate  is  determined  from  heating  levels 
enhanced  b>  surface-roughness  effects. 
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Figure  1  Summary  of  blockage  heating  from  earlier  tiudles 
on  flat  plates  and  cones  m  turbulent  flow 
(Holden  ref  9) 
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Figure  3  Comparison  between  the  turbulent  theories  of 
Lin  &  Crowell  tor  amooth-wall  and  rough-wall 
measurements  of  Holden  on  12"  diameter 
hemisphere  (M  =  11.2.  Re  »  =  11  x  10 
k  =  12.5)  (Holden  ref.  9)  ^ 


Figure  4  Heat  transfer  measurements  indicating  that  small 
blowing  on  rough  nosetip  initially  acts  to  bring 
down  heating  levels  to  smooth-wall  values 


Figure  2  Comparison  between  the  meesuramant  made  in 
the  noeetip  ttudics  with  nitrogen  Injectant  and 
the  earlier  blockage  data  (Holden  ref.  9; 
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Figure  5  Heat  transfer  measurements  on  SCANT  and  smooth 
nosetip  showing  how  small  blowing  brings  down 
heating  levels  to  smooth-wall  values 
(Holden  Ref.  8) 


The  BLI\’;F-'’  code  developed  ti\  *iCCL'RC\  is  one 
of  the  most  commonly  used  numerical  codes  for 
prediCtinj;  the  heut  transfer  to  iranspiration-coolec 
DO'C.'.s,  BLr.'F  is  a  bounCar>  layer  code  enr.ployinj^  a 
rTi.x.'ip  lengt;,  turoulence  moC’:'..  The  soiutio'. 
n.ethodolog'.  used  b_>  BLIMP  in.olves  approximating  the 
prrriary  depenae-.t  var.ao.es  of  the  boundary  layer 
equal. orts  us.ng  quaorat.c  or  cubic  polynoinials  over 
each  of  severa,  cont.nuous  regions  awid.ng  the  wall 
norii.al  coordinate  direct. O'l.  In  order  to  simplify  f.e 
norrna.  derivative  terrr.s,  the  conservation  equations 
are  integrated  a.ong  the  norma,  direction  between  tfie 
nodes  that  separate  each  region.  The  prrnary 
variables  and  tne."  derivatives  at  each  node  are  then 
re.atec  by  a  fojrtr.  order  Taylor  series  expans. on  so 
that  the  coefficients  in  the  approx. m.ating  polynomials 
can  be  determined  using  c  technique  similar  to  the 
Galerkin  Method.  The  solution  is  propagated  forward 

a. o'ig  tne  principal  flow  direction  using  a  two-point  or 
tnree-point  finite  difference  scheme  which  is  selected 

b, .  the  user.  The  use  of  polynorriial  approximations 
between  the  relatively  few  nodes  that  define  the 
bouridary  layer,  makes  the  Boundary  Layer  Integra! 
Matrix  Procedure  (BLIMP/  a  very  fast  and  accurate 
co’nputational  too.,  giving  it  advantages  over  other 
finite  difference  codes  when  considering  flows  having 
large  numbers  of  reacting  chemical  species  in  the 
boundary  laye.-. 


measurements  with  hemispherical  transpiration-cooled 
nosetips  which  demonstrated  that  roughness  heating 
effects  could  be  significantly  reduced  or  eliminated  by 
surface  blowing.  T  hus,  studying  roughness  effects  in 
the  absence  of  blowing  added  little  to  the 
understanding  of  heating  to  rough  ablating  surfaces. 

\X  e  therefore  embarked  on  a  detailed  experimental 
program  to  examine  the  combined  effects  of  surface 
roughness  and  blowj.ng  on  the  skin  friction  and  heat 
transfer.*  To  minimize  problems  associated  with 
transition,  these  studies  were  conducted  with  slender 
conical  configurations  under  high  Reynolds  number 
conditions.  Vye  also  employed  surface  configurations 
With  a  well-defined  surface  roughness  and  blowing 
geometry  to  again  eliminate  the  potential  selection  of 
an  effective  sand-grain  roughness  in  comparisons  witr. 
predictive  techniques.  This  study  was  also  unique 
because  detailed  measurements  of  the  distribution  of 
heating  over  individual  roughness  elements  were  made 
for  the  first  time.  Also,  skin  friction  measurements 
were  made  on  representative  segments  of  the  surface. 
Such  measurements  provide  a  direct  way  of  evaluating 
the  accuracy  of  the  macroscopic  modeling  of  these 
flows.  During  the  third  phase  of  the  study,  we 
investigated  tne  surface  blowing  effects  in  the  absence 
of  surface  roughness,  and  this  is  the  subject  of  the 
current  paper. 

In  the  following  sections  of  the  paper,  we  d.scuss 
the  des.gn  and  objectives  of  the  expenmenta!  progra-r., 
followed  by  a  description  of  the  experimental 
facilities,  the  models  and  instrumentation  and  the 
reduction  and  evaluation  of  the  measurements.  The 
results  of  the  program  are  then  presented  and 
discussed,  and  compared  with  measurements  from 
earlier  studies.  The  measurements  are  compared  with 
simple  prediction  metfiods  and  the  results  ol 
computations  with  the  BLIMP  code. 

2.  EXPERIMENTAL  PROGRAM 
2.1  Objective  and  Design  of  the  Experimental  Study 

This  program  was  designed  as  part  of  a  series  of 
studies  to  investigate  the  separate  and  combined 
effects  of  surface  roughness  and  blowing  on  the  heat 
transfer  and  skin  friction  to  abJatr/e  and  transpiration- 
cooled  surfaces.  A  key  objective  of  this  work  was  to 
obtain  measurements  which  provide  insignt  into  the 
macroscopic  modeling  of  aerothermal  phenomena 
associated  with  the  ablative  cooling  of  hypersonic 
vehicles.  In  this  third  phase  of  the  study,  we 
investigate  the  surface  blowing  effects  in  the  absence 
of  surface  roughness. 


Tne  study  reported  in  this  paper  formed  a  part  of 
a  series  of  studies  to  investigate  the  separate  and 
combined  effects  of  surface  roughness  and  blowing  on 
the  heat  transfer  and  skin  friction  to  provide  insight 
into  the  modeling  of  aerothermal  phenomena 
associated  with  the  ablative  cooling  ol  hypersonic 
vehicles.  Earlier,  in  the  initial  phase  of  these  studies, 
we  performed  an  extensive  series  of  measurements  to 
exa.mine  the  effects  of  the  shape  and  spacing  of 
surface  roughness  on  heat  transfer  and  skin  friction.*^ 
Here,  the  objective  was  to  provide  measurements  to 
quantify  the  relationship  between  surface  geometry 
and  heating  to  a  rough  wall  without  the  necessity  of 
introducing  a  poorly  defined  parameter  associated  with 
sand-grain  roughness,  lie  specifically  wanted  to 
prevent  the  manipuiat.on  of  the  results  from  the 
prediction  techniques  by  the  selection  of  an  "effective 
sand-gram  roughness."  These  studies  were  conductec 
for  hemispherical  and  biconic  nosetips,  and  sharp  and 
blunted  slender  cones.  Me  then  obtained 


This  study  of  surface  blowing  effects  was  designed 
as  a  complement  to  our  earlier  studies  of  roughness 
and  blowing*,  to  evaluate  the  separate  and  combined 
effects  of  surface  roughness  and  blowing,  here  we 
obtained  measurements  at  the  same  Ireestream 
conditions  of  the  effects  of  blowing  on  a  model  of 
identical  geometry  as  the  model  used  in  the  blowing 
and  roughness  s.udies,  but  without  the  hemispherical 
roughness  elements.  On  the  reconfigured  model,  the 
miniature  heat  transfer  instrumentation  installed  in  the 
smooth  surface  was  designed  to  provide  a  detailed 
mapping  of  the  heating  around  the  injection  port  at 
each  measurement  station  along  the  model.  Again,  we 
employed  unique  skin  friction  instrumentation  in  which 
the  cooling  fluid  is  introduced  through  the  diaphragm 
of  the  floating  sensing  element. 
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2.2  Experimental  Facilities  and  Test  Conditions 


The  experimental  program  was  conducted  in 
Calspan’s  96-inch  shock  tunnel*^  at  freestrearri  Mach 
numbers  ol  11  and  13,  lor  local  Reynolds  numbers  up 
to  IOj  X  10^  and  wall-to-lreestreain  stagnation 
temperature  ratios  ol  0.19  and  0.20.  At  Mach 
numbers  up  to  13,  boundary  layer  transition  is 
complete  on  the  smooth  models  within  6  inches  ol  the 
nosetip.  As  discussed  later,  the  model  used  was 
cesigned  so  that  the  transpiration  was  initiated 
downstream  ol  the  end  ol  boundary  layer  trar.s.tion. 
The  conditions  at  which  experimental  studies  were 
conducted  are  shown  m  Figure  6. 


Figure  6  Performance  rnap  of  Calspan's  ahock  tunnels 


The  shock  tunnel  is  started  by  rupturing  a  double 
diaphragm  that  permits  high-pressure  helium  m  the 
driver  section  to  expand  into  the  driven  section.  This 
generates  a  norma!  shock  which  propagates  through 
the  low  pressure  air  (a  wave  diagram,  is  shown  in 
Figure  7).  A  region  of  high- temperature,  high-pressure 
air  IS  produced  between  this  normal  shock  front  and 
the  gas  interface  (often  referred  to  as  the  contact 
surface)  between  the  driver  and  driven  gas.  When  the 
primary  or  incident  shock  strikes  the  end  of  the 
driven  section,  it  is  reflected,  leaving  a  region  of 
almost  stationary,  high-pressure,  heated  air.  This  air 
IS  then  expanded  through  a  nozzle  to  the  desired 
freestream  conditions  in  the  lest  section.  The 
duration  of  the  flow  m  the  test  section  is  controlled 
by  the  interactions  between  the  reflected  shock,  the 
interface,  and  the  leading  expansion  wave  generated 
by  the  nonstationary  expansion  process  occurring  in 
the  driver  section.  We  normally  control  the  initial 
conditions  of  the  gases  ih  the  driver  and  driven 
sections  so  the  gas  interlace  becomes  transparent  to 
the  reflected  shock  interaction.  This  is  known  as 
operating  under  "tailored-interface"  conditions.  Under 
these  conditions,  the  test  time  is  controlled  by  the 
time  taken  for  the  driver/driven  interface  to  reach 
the  throat,  or  the  leading  expansion  wave  to  deplete 
the  reservoir  of  pressure  behind  the  reflected  shock. 
The  flow  duration  is  either  driver-gas-limited  or 
expansion-limited,  respectively.  Figure  S  shows  the 
flow  duration  in  the  test  section  as  a  function  of  the 


Mach  number  of  the  incident  shock.  Here,  it  can  be 
seen  that  for  operation  at  low  incident  shock  Mach 
number,  running  times  of  over  25  milliseconds  can  be 
obtained  with  a  long  driver  section. 


Figure  7  Wave  diagram  for  tailored-interface  condition 


25 


c 

z 

c 

C' 


2C 


5 

u. 

S 


z  10 


I _ I _ i _ I _ I _ ! 

12  3  «  5  6 

INCIDEST  SHOCK  MACH  NUMBER  M, 


Figure  8  Test  time  available  for  tailored  interface 
operation  of  the  shock  tunnel 

The  test  conditions  at  wh.ch  these  studies  were 
conducted  are  listed  in  Table  1.  For  the  test 
conditions  at  which  our  studies  were  conducted  the 
uncertainty  in  the  pitot  pressure  measureinen*.  frorn 
errors  in  calibration  and  recording  is  2.5%.  The 
reservoir  pressure  can  be  measured  with  an 
uncertainty  ol  *  2%,  and  the  total  enthaphy  (Hq)  can 
be  determined  from  the  driven  tube  pressure  and  the 
incident  shock  Mach  number  with  an  uncertainty  of  ^ 
1.5%.  These  measurements  combine  to  yield  an 
uncertainty  in  the  .Mach  number  and  dynamic 
pressure  measurements  of  ^  O.SEo  and  ^  3.59.' 
respectively . 


Tsbia  1  Test  conditions 
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2.3  Models  and  Instruinenlation 
2.3.;  Modeh 


Tde  slender  cone  model  used  in  the  experimental 
stu'Jit*')  IS  sho'.^n  in  Figure  9.  The  Jr:odel  hus  a 
transpiratio^i  cooled  surface  fed  frorn  eight  higJi- 
pressure  res^rrvoirs  through  eight  Valcor  fast  acting 

EdCli  section  of  t:u*  riu-dei  is  constructed  with 
SiX  zones  that  run  from  the  froiit  to  the  rear  of  the 
model.  This  enabled  us  to  vary  the  blowing  circum- 
fereniiall)  to  simulate  the  effects  of  differentia] 
blowing  resulting  from  mode,  incidence.  To  distribute 
the  gas  froni  tiie  reservoirs  unifor;n[\  to  the  su'-face, 
each  model  ernplo)s  a  rnatnx  of  disinoution  passages. 


Figure  9  Slender  cone  model  (with  sharp  nosetip)  shown 

installed  in  96-inch  shock  tunnel  (D  nozzle  rc  noved) 


A  molding  lechnique^-  Chut  w<'  dc/elo;jcJ  earher  to 
produce  a  no  n'jer  of  diflorec.t  roughness  patlerr.b  was 
ust.-n  to  obtain  tne  smOvKh  ano  rougli  surfaces.  The 
low  nio'neriiu  .i  riias-^  ado.tiori  was  mjecteo  Iron. 
pa-.sa^e>  niohb.-d  i  ;  the  n.oael  s’^n  into  the  flow  whu'h 
was  controlled  b>  some  orifices  at  :hc  base  of 
passage.  This  latter  tiThniqne  was  emploved  ver\  suc- 
cessh-ji;..  m  our  earlier  trarispr- jti:)n-co)!cd  studiC' 
where  we  were  aue'  to  obtain  precisely  control. eJ 
hiOwi':^,  eon  j :  1 1  O’.  T  h-j  Iu'a  tro'n  each  hole  m  the 
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dimensions  dno  the  locations  ol  the  instrumentation 
blocks  containing  the  heat  transfer,  pressure  and  skin 
friction  instrumentation.  A  typical  instrumentation 
block  layout  is  shown  in  Figure  11. 


Figure  10  Schematic  diagram  of  10.5  degree  cone  model 
showing  blowing  configuration  and  positions  of 
instrumentation  inserts 
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Figure  11  Layout  of  a  typical  instrumentation  insert 


2.^.1’  Heat  Transfer  Instrumentation 


The  thin-film  heat  transfer  technique  is  based  on 
sensing  the  transient  surface  temperature  of  a  non¬ 
conducting  model  t>  means  of  thm-film  resi.star  .e 
thcrinometc-rs.  Because  the  thermal  capaciti  of  the 
gage  IS  negligibl".  the  instantaneous  surface 
te  nperature  of  the  backing  material  is  related  to  the 
heat  transfer  rate  by  semi-infi..ite  slab  theory.  The 
gages  are  fabricated  on  tin>  pyrex  buttons  O.QSO 
inches  in  diameter,  mounted  flush  with  the  model 
surface.  photograph  of  the  model  inserts  is  shown 
in  Figure  12.  As  shown  in  Figures  !  3a  and  13b,  these 
gages  were  distributed  around  the  injection  orifices  to 
provide  some  insight  into  the  macroscopic  flow  on 
these  regions. 

For  tlie  thiP-fil'n  heat  transfer  instrumentation,  the 
uncertainties  associated  with  the  gage  cahbra.ion  and 
ttie  recording  equipment  are  estimated  to  be  for 

the  i'  /els  of  heating  obtained  in  the  current  studies. 

2.3  t  Skin  Friction  Instr umen lation 

Tne  skin  fnctmn  gage  is  an  acceleration 
compensated  single  component  lor_e  balance  in  which 
transpiration  cooling  passages  are  vent'  J  through  the 
su'fa  e  of  the  gage.  After  a  number  of  different 
approaches  were  tried,  a  design  was  developed  with, 
■lon-inetric  cooiant  passages  passing  through  the  metric 
diaphragn.  w.th  veri  little  clearance.  Such  tight 
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Figure  12  Segment  of  instrumented  surface  showing  installation 
of  heat  trans'er,  skin  friction  and  pressure 
instrumerl  Jlion 
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diupfiragn.  coriibinatio'i  is  inrorporatcd  into  the  bod> 
of  Itie  ga^e  to  provide  u  sig'ia:  used  for  transducer 
acceleration  Coinperisatiori.  The  electrical  SignaU  from 
•'■e  sensing  and  co'i.pensa tion  bean,  are  added 

triCallj  in  Such  a  manner  that  when  the  gage  is 
'  jiiaken"  in  tlie  abscri-  i-  oi  an  air  load,  tile  net  output 
IS  aero.  The  injection  flow  tl. rough  the  gage  is 
metered  through  a  scries  of  sonic  orifices  set  in  tlie 
base  of  the  gage.  The  geometric  and  mechanical 
design  features  of  the  gages  were  refined  ,n  a  scries 
of  bend,  tests  and  tunnel  studies.  The  developed  gage 
has  a  frequenc)  response  of  2j  kHz,  a  sensitivit)  of 
20,0uS  ri.V,'ps;,  and  an  overall  accurac)  of  j. 

2.3.r»  Pressure  Instrumentation 

Pressure  -neasurements  were  made  using  flush- 
mounted  Kulite  transducers.  Pressure  gages  have  been 
.mounted  fiusf)  with  the  silicon  skin  (see  Figures  11 
and  12)  to  record  the  pressure  fluci jations,  as  well  -s 
tile  mean  pressure  on  the  flap  resulting  from  the 
unsteaC)  sht>ck-wave/lur*-uJent  boundar>  layer 
in tera._tion  at  the  cut/flap  junction.  Such  inlor  riatioi; 
IS  required  to  specify  the  vibration  environment  oi.  tiie 
flap  as  well  as  to  provide  insight  into  the  base  flow 
structure.  The  uncertainties  associated  with  the 
pressure  measurements  associated  with  calibration  and 
recording  apparatus  are  3''v. 


Holographic  In  terf erometre 
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Figure  13a  Heal  transfer  gage  positions  on  gage  holder, 
block  A 


Holographic  interferometry  was  used  to  make 
liowfield  measurements.  Tuerferograms  of  coniblec 
fiowfields  provide  good  qualitative  basis  for  evaluating 
some  of  the  important  phenomena  that  control  the 
characteristics  of  these  flows.  Calspan/T.' mversit >  of 
Buffalo  Research  Center's  (CUBRC)  holograph!., 
recording,  syste'n*^  was  usee  for  thus  study.  Doth 
single  plate  and  dual  plate  techniques  are  required  to 
record  holograms,  which  are  subsequently  usr  d  in  the 
playback  step  to  obtain  shadowgrams,  schlieren 
p'  Jtographs  an.)  interferograms  of  the  t  ■  ts. 
Pi.otogr.'ohs  of  the  flow  field  tauen  with  infinite  fringe 
interfero.net'y  ar.-  sfiown  in  Figures  Id  and  !  3. 


DOW.'.,;  i'-  ‘  A 

so-  :  SC-ile- 
070'  diarnec,.- 


hp.a’  I’ans'c-  gape 
C3''  P  a'wev  ' 


3.  RFSL'LTb  .AND  DISCUSSION 

t 

These  experimental  stu'lie>  were  conducted  at  Mach 
:  tl  and  13  at  unit  Reynolds  numbers  of  10  x  10^'ft 

-  m  and  X  10^/lt,  respectively.  .\  listing  of  tl.e  test 

conditions  at  which  tne  studies  were  cor, ducted  are 
listed  in  Table  1.  \11  the  studies  were  conduct.''d 

with  a  sharp  10.3'.^  conical  configuration  and  a 
nitrogen  injectart.  The  model  orientatior,  and  blowing 
r  configurations  arc  listed  in  Tu'jle  2. 


Figure  13b  Heat  transfer  game  positions  on  gage  holder, 
block  B 

ie.ir.m-es  ,irc  allow":  because  the  cryst-al  and  rubber 
support  I  e.easur.ng  ssstei;  on  which  mt,  diap.hrag  n 
Is  ■lonnte.  is  very  st.f.,  so  that  defiectiori  under  load 
.nsignih  ant.  ,A  floating  ci.iphragm,  whicfi  in  tins 
particjlar  des.g.n  r  obtains  th-  t  ..s,s  suction  pa^ts  is 
support:.'  fijsh  with  tne  surfact'  on  a  piezoelectric 
sensi..;,  beam  throug'.  a  si.ngle  fix'  ...  The  diaphrag-n 
:s  :,tabi  li..’e.l  arouno  its  pe.'i-ne  ter  s.  .o^  p.jsis.  The 
sim  on  posts  arc  n.sslde.j  ,n  to  a  gasxet  t''K  t  contains  a 
rubhc'  boot  wh,.'h  is  ■:;e' ;icn  te  d  betwee  me  diap''''ag'ii 
an;  the  bo::v  ,h?  the  g-m  ■  to  preve’.t  ttie  l-,.st  gases 
‘-o  n  'eac'iin^  t  '.e  crystal  sea "  .  -A  second  bea'n  auc. 


Table  2  Model  and  blowing  configuration 
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Figure  16  Comparison  between  predictions  and  heat  transfer 
measurements  for  matched  pressure  (smooth,  no 
blowing)  conditions 
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Figure  17  Comparison  between  predictions  and  skin  friction 
measurements  for  matched  pressure  (smooth,  no 
blowing)  conditions 
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Figure  18  Comparison  between  pressure  measurements  and 
Inv'SCid  theory 

relatively  small.  The.-e  is  almost  linear  variat.on  m 
the  reduct. on  of  heating  and  skm  friction  along  the 
cone  induced  b)  the  iniection  for  all  leve.s  of  mass 
in)ectior,.  At  these  test  condition-  the  surface  shea' 

IS  reduced  to  zero  for  B'  of  greater  tha'  2.  At  the 
Mach  13  conditions  the  variation  of  heat  transfer  and 
skin  friction  along  the  cone  (shown  in  Figures  2ja  and 
2jb)  for  B'  from  C.2  to  3  shows  the  same  basic  trends 
as  those  for  the  Mach  1  1  conditions.  Aga.-.,  we 
observe  close  to  a  linear  variation  of  he.  t  transfe- 
a'i.d  skin  friction  redjchor.  a!on^  me  cone,  wjtr  i.ne 
gradient  of  this  reduction  remaining  constant  re.atively 
insensitive  to  the  level  of  blowing  for  t.ne  low  ratr  - 
of  injection. 
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Figure  19a  Variation  of  heat  transfer  along  the  cone  with 
mass  injection  (Mach  11.  Re  ft  =  10  x  10®) 
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Figure  19b  Variation  of  skin  friction  along  the  cone  with 
mass  injeclion  (Mach  11.  Re  ft  =  10  x  10®) 

The  variation  of  me  reductiC'  in  heat  transfer  and 
skin  friction  and  p'essure  with  blowing  rate  paramete' 
B’  for  the  Mach  11  ano  13  conditions  a'e 

shown  in  Figures  21,  22  and  23,  at  five  streamwiss 
measurement  stations  along  the  cone.  Here  we  have 
averaged  the  healing  levels  at  each  measuremer,; 
station  as  shown  earlier  in  Figures  19  and  23.  For 
both  the  Mach  11  and  13  conditions  there  is  a 
consistent  reduction  in  heating  and  skin  friction  for 
blowing  levels  up  to  B'  of  between  1  and  2.  .Above 
this  blowing  level  the  rate  of  heating  reduction  is 
much  smaller  and  the  skin  friction  is  reduced  to  zero 
as  the  boundary  layer  begins  to  interact  witn  the 
in/iscid  flow,  as  illustrated  b\  the  pressure 
measurements  (Figure  23,'.  e  also  observe  that  at 
low  blowing  rates  the  heating  rates  on  the  cone  close 
to  the  beginning  of  blowing  are  not  reduced 
significantly  because  the  boundary  layer  is  disturbed 
b\  the  beginning  of  injection. 

3.3  Comparison  with  Earlier  Measurements, 

Correlations  and  Calculations  wnt'. 

BLIMP  Code 

The  heat  transfer  measutoments  obtained  in  the 
present  stud)  are  compared  wit’i  the  measurements 
made  earlier  on  flat  plates  and  cones  at  lowe' 
freestream  Mach  numbers  (and  presentee  m  Figure  2k). 
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Figure  20a  Variation  of  heat  transfer  along  the  cone  with 
mass  injection  (Mac^  13.  Re  ft  *  5  x  10^) 
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Figure  20b  Variation  of  skin  friction  along  the  cone  with 
mass  injection  (Mach  13.  Re  ft  s  5  *  to^  ) 
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Figure  22a  Variation  of  heat  transfer  with  t'owing  paramete' 
at  Mach  1 3 
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Variation  of  heat  transfer  with  blowing  parameter 
B^at  Mach  11 
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Figure  21b  Variation  of  skin  friction  with  blowing  parameter 
Bp  at  Mach  11 
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Figure  22b  Variation  of  skin  friction  with  blowing  paramater 
Bp  at  Mach  13 
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Figure  23  Variation  of  cone  pressure  with  blowing  parameter 
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Figure  24  Comparison  of  current  measurements  with  earlier 
measurements  on  cons  and  flat  plates 

Up  sec  that  our  rmeasurements  shovi,  sigruficantis  more 
cooling  effectiveness  than  the  earlier  measuren'icnts  at 
lower  Macr-i  numbers  for  blowing  parameters  between 
0.2  <0  These  might  be  explained  as  a  reduction 

in  the  spreading  rate  with  increased  Mach  numbers,  a 
feature  observed  in  shear  flows  with  large  relative 
Mach  numbers. 

The  input  data  required  b\  BLIMP  was  take.n  from; 
the  freestream  flow  conditions  occurring  in  the  test 
section  of  each  experimental  run.  This  data  includes 
stagnation  pressure,  stagnation  temperature  and 
dynamic  pressu'c.  In  addit.on  to  these  the  axial 
distributions  of  cone  surface  pressure,  surface 
temperatu'e,  and  wall  transpirant  m.ass  flux  were  input 
as  constants  which  were  consistent  with  conical  flow 
and  the  experimental  test  conditions.  The  cone 
surface  pressure  for  each  run  was  calculated  using 
Newtonian  Theo's  and  for  the  zero-blowing  cases  was 
checked  using  the  well-known  Tay  lor-Maccol!  solution 
lor  the  superson.r  cone.  In  the  case  of  non-blunt 
bod.es,  BLIMP  uses  a  lamina*  comipressible  simularity 
solutiO"  at  the  initial  axial  station  and  as  the  solution 
progresses  along  the  principal  flow  dire  .tion,  t‘,e 
Reynolds  number  based  on  momentum.  thiCKness 


increases  until  it  exceeds  a  transitional  criterion  set 
by  the  user.  At  this  point,  the  code  computes  a 
turbulent  boundary  layer  and  does  so  for  the 
remainder  of  the  solution.  The  code  was,  therefore, 
run  in  a  fully  turbulent  mode  employing  the  Cebeci 
turbulent  rr.odel  with  a  turbulent  Prandtl  number  of 
0.9  and  a  turbulent  Schmidt  number  of  0.5.  Tne 
Prandtl  mixing  length  constant  was  set  at  0.4. 

Calculations  made  using  the  BLIMP  code  are 
com.pared  with  the  measurement  of  heat  transfer  and 
skin  friction  shown  in  Figures  25  and  26  for  the 
various  injection  levels,  tte  see,  that  for  relatively 
model  levels  of  blowing  B'CO.S,  there  is  relatively 
good  agreement  between  prediction  methods  and 
experiment.  However,  at  Mach  11  and  13  tne  code 
consistently  and  significantly  underpredicts  the 
effectiveness  of  transpiration  cooling. 
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Figure  25a  Comparison  between  heal  transfer  measurements 
and  BLIMP  code  calculations  (Mach  11.  Re  ft  = 

10  X  10®  ) 
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figure  2Sb  Compariton  batw«an  akin  friction  mtasuramants 
and  BLIMP  coda  caiculattons  (Mach  11,  Re'ft  s 

10  X  10®  ) 


I 


v-eV-  lor  ro'relatin^  ou'  ea'her  measure-nents  or, 
noset. ;ji,  o.j'  current  measure-nents  agree  better  with 
the  reiations-i.p  C^'Cho  =  ^''(^£,'.1)  was  ,,- 

good  agreement  witl,  our  measurements  on  rough 
blowing  cones  with  the  same  geometrs  as  in  tne 
current  studs.  Clearl)  the  next  effort  to  pred.ct  tne 
current  rrieasurement  should  center  on  the  use  of 
Navier-Stokes  codes  to  overcome  the  lirT,.tations  of 
boundary  laser  theors. 
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Figure  26a  Comparison  between  heat  transfer  measurement: 

and  BLIMP  code  calculations  (Mach  13,  Re  ft  = 
5x10®) 
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Figure  27a  Comparison  between  calculations  with  Bt^WP 
code  end  measurements  of  heat  transfer 
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Figure  26b  Comparison  between  akin  friction  measurements 
end  BLIMP  code  calculations  (Mach  13,  Re  ft  = 

5  K  10^) 
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In  Figu-es  2i  and  22.  we  have  plotted  both 
experiment  and  BLIMP  code  predictions  in  terms  of 
heat  transfer  and  skip,  prediction  versus  slowing 
parameter  B'.  The  BLIMP  code  pred.cts  reductions  in 
heating  of  the  order  of  75m  lor  high  levels  ol  blowing 
while  our  measurements  suggest  values  of  the  order  of 
93".  under  such  condit.ons.  Again,  a:  these  high 
levels  of  blowing  we  observe  the  skin  friction  to  be 
reduced  tc  zero,  as  boundar)  layer  blow-off  occurs. 

Me  have  plotted  the  measurements  from  the  two 
Mach  nurr,bers  together  ir  Figures  27a  and  27b 
together  with  the  BLIMP  prediction  and  a  correlation 
de'./ed  from  our  earlier  measurements  on  transpiration- 
cooled  nosehcs  a-,;;  roug’’  b.owing  cones.  Mhijo  the 
powe-  .aw  re.at.onsni;;  Cgf  c-gj  =  !  -  1/3  B' ‘  ^  worKS 
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Figure  27b  Compariton  batwaan  calcuittiont  with  BLIMP 
coda  and  maaturemanit  of  akin  friction 


CONCLUSION 
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ABSTRACT 


An  experimental  study  has  been  conducted  to 
investigate  the  effects  of  molecular  weight  and  specific 
heat  of  the  injectant  on  the  turbulent  heat  transfer  and 
Skin  friction  to  a  sharp  slender  transpiration-cooled  cone 
in  hypersonic  flow.  The  study  was  conducted  in  the 
Calspan  96"  Shock  Tunnel  at  Mach  numbers  of  11  and 
13  for  local  Reynolds'  numbers  of  100  x  10^  and  50  x 
10^,  respectively.  Measurements  of  heat  transfer,  skin 
friction  and  pressure  were  obtained  along  the  cone  for 
blowing  rates  )  from  0.10-  to  5,  using  helium, 

nitrogen  and  freon  injectants.  The  characteristics  of  the 
flow  field  were  deternuned  with  holographic 
interferometry.  Miniature  heat  transfer  instrumentation 
was  used  to  obtain  the  detailed  distribution  around  the 
injection  ports.  Unique  skin  friction  gages,  in  which  the 
injectant  was  introduced  through  the  diaphragm  were 
used  in  this  study.  Calculations  using  the  BLIMP  code 
and  the  Navier-Stokes  HEARTS  code  were  made  for 
comparison  with  the  experimental  measurements.  The 
effects  of  the  injection  rates  and  gas  properties  on  the 
heat  transfer  and  skin  friction  are  presented  in 
correlations  in  terms  of  the  major  non-dimensional 
parameters  controlling  these  flows.  Computations  using 
the  "BLIMP  Code"  were  in  relatively  good  agreement 
with  the  measurement  for  values  of  the  blowing 
parameter  less  than  0.5;  however,  as  boundary  layer  blow- 
off  begins  to  occur,  the  these  techniques  significantly 
overpredict  the  levels  of  heat  transfer  and  skin  friction. 
However,  at  these  high  blowing  rates,  the  HEARTS  codes 
give  predictions  which  are  in  better  agreement  with  the 
heat  transfer  measurements. 

1.  INTRODUCTION** 

The  use  of  transpiration  cooling  on  hypersonic 
vehicles  has  become  of  increased  interest  to  designers 
wishing  to  look  through  the  boundary  layer  which  would 
otherwise  contain  products  from  the  ablative  nosetip  and 
frustrum.  The  ablation  process  itself  is  one  in  which 
transpiration  cooling  is  combined  with  a  flow  of  a  rough 
surface.  To  develop  methods  for  ablative  cooling,  it  is 
important  to  perform  experiments  and  develop  predictive 
techniques  which  first  address  understanding  the  separate, 
aerothermal  mechanisms  associated  with  surface 
roughness,  and  transpiration  cooling  before  attacking  the 
combined  effects  which  occur  on  an  ablative  heat  shield. 
In  earlier  studies,  we  addressed  the  effects  of  surface 
roughness  shape  and  shaping  on  the  heat  transfer  and 
skin  friction;  and  more  recently,  performed  studies  to 
investigate  transpirauon  cooling  effects  lor  a  nitrogen 


injectant.  For  an  ablating  body,  the  specific  heat  and 
the  molecular  weight  of  the  injectant  will  differ 
significantly  from  those  of  the  free  stream;  thus,  it  is 
essential,  that  we  obtain  on  understanding  of  how  these 
injectant  properties  influence  the  aerothermal  loads  on 
the  model. 

The  modeling  of  the  turbulent  flow  structure  over 
transpiration-cooled  and  rough  ablating  surfaces  requires 
a  detailed  understanding  of  the  mixing  process  between 
the  injected  fluid,  the  roughness  elements,  and  the  fluids 
at  the  base  of  the  turbulent  boundary  layer.  To  develop 
an  accurate  predictive  capability  to  describe  the  ablation 
rates  of  the  nosetip,  heat  shield,  and  control  surfaces, 
it  is  necessary  to  understand  and  model  the  separate  and 
combined  effects  on  ablating  and  non-ablating  slender 
cones.  As  a  result  of  studies  of  roughness  and  blowing 
on  slender  cones,  Holden^  suggested  that  the  subsonic 
studies  are  inapplicable  to  the  heating  of  heat  shields  in 
hypersonic  flow,  and  also  that  the  basic  modeling  of  the 
roughness  drag  and  mechanisms  of  heating  used  in  the 
theoretical  models,  which  is  based  on  correlations  of  low 
speed  data,  is  highly  questionable.  To  obtain  the  data 
necessary  to  perform  meaningful  code  validation  it  is 
necessary  to  obtain  measurements  under  correctly 
simulated  Mach  number  and  Reynolds  number  conditions. 

Review  of  Earlier  Studies 

The  lack  of  definitive  techniques  to  predict  the 
effectiveness  of  transpiration/ablative  cooling  techniques 
reflects  the  lack  of  fundamental  understanding  of 
turbulent  mixing  in  the  presence  of  mass  injection  and 
surface  roughness.  Earlier  studies  of  transpiration  cooling 
techniques  were  designed  principally  to  evaluate  how  the 
blockage  heat  transfer  Cj^/Cpjo  varied  with  the  Mach 
number,  Reynolds  number  and  properties  of  the 
freestream  and  injectant.  There  is  a  dearth  of  turbulent 
data  at  hypersonic  speeds  where  transpiration  cooling  is 
of  considerable  interest  because  it  is  difficult  to  generate 
the  test  conditions  necessary  for  the  correct  simulation. 
Experimental  studies  have  been  conducted  in  supersonic 
flow  with  flat  plates^*^’^'^  and  cones  2,3,4^  and  there 
has  been  some  work  on  the  transpiration  cooling  of  blunt 
nosetips^’*®.  Based  on  a  survey  of  the  existing  experi¬ 
mental  data  in  Reference  9,  the  correlation  shown  in 
Figure  1  was  developed.  This  correlation  indicates  that 
for  large  blowing  rates  (B'>10),  increased  blowing  does 
not  significantly  improve  thermal  protection.  This  may 
well  result  from  a  decrease  in  the  stability  of  the  mixing 
layer  and  an  increase  in  the  scale  of  turbulence  with 
increasing  blowing.  However,  Holden's  measurements  on 
a  spherical  nosetip.  shown  in  Figure  2,  suggest  that 
heating  levels  signi.icantly  lower  than  those  found  on 
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Hat  plates  and  cones  were  obtained  for  the  higher  blowing 
rates.  These  latter  measurements  could  be  correlated 
in  the  form  (Chq-ChVCHq  =  1/3  However,  for 

blowing  rates  of  greater  than  one,  the  flow  became 
unstable  and  violent  fluctuations  in  the  surface  heating 
were  observed. 

The  measurements  made  in  earlier  studies  of 
transpiration  cooling  conducted  with  spherical  nose  tips 
suggested  that  the  initial  effect  of  mass  addition  from 
a  rough  ablating  nosetip  is  to  modify  the  flow  around 
the  roughness  elements  by  eliminating  the  cavity  flows 
between  them  in  such  a  way  that  the  roughness-induced 
momentum  defect  is  small.  If  the  effect  of  mass  addition 
is  to  remove  surface  roughness  as  an  important 
characteristic  parameter,  this  throws  in  question 
correlations  of  flight  measurements  based  on  an  effective 
surface  roughness,  and  the  computational  procedures  in 
which  the  ablation  rate  is  determined  from  heating  levels 
enhanced  by  surface-roughness  effects. 

This  program  is  the  fourth  part  in  a  series  of  studies 
to  investigate  the  separate  and  combined  effects  of 
surface  roughness  and  blowing  on  the  heat  transfer  and 
skin  friction  in  hypersonic  flow-.  It  was  designed  to 
provide  insight  into  the  modeling  of  aerothermal 
phenomena  associated  with  the  ablative  and  transpiration 
cooling  of  hypersonic  vehicles.  In  the  earlier  phase  of 
this  investigation,  an  extensive  series  of  measurements 
were  performed  to  examine  the  effects  of  the  shape  and 
spacing  of  surface  roughness  on  heat  transfer  and  skin 
friction.*^  Here,  the  objective  was  to  provide  measure¬ 
ments  to  quantify  the  relationship  between  surface 
geometry  and  heating  to  a  rough  wall  without  the 
necessity  of  introducing  a  poorly  defined  parameter 
associated  with  sand-grain  roughness.  Ue  specifically- 
wanted  to  prevent  the  manipulation  of  the  results  from 
the  prediction  techniques  by  the  selection  of  an  "effective 
sand-grain  roughness."  These  studies  were  conducted  for 
hemispherical  and  biconic  nosetips,  and  sharp  and  blunted 
slender  cones.  Measurements  were  then  obtained  with 
hemispherical  transpiration-cooled  nosetips  which  demon¬ 
strated  that  roughness  heating  effects  could  be 
significantly  reduced  or  eliminated  by  surface  blowing. 
We  concluded  that,  studying  roughness  effects  in  the 
absence  cf  blowing  added  little  to  the  understanding  of 
heating  to  rough  ablating  surfaces.  A  detailed  experi¬ 
mental  program  was  then  conducted  to  examine  the 
combined  effects  of  surface  roughness  and  blowing  on 
the  skin  friction  and  heat  transfer.'  To  minimize 
problems  associated  with  transition,  these  studies  were 
conducted  with  slender  conical  configurations  under  high 
Reynolds  number  conditions.  Ue  also  employed  surface 
configurations  with  a  well-defined  surface  roughness  and 
blowing  geometry  to  again  eliminate  the  potential 
selection  ol  an  effective  sand-grain  roughness  in 
comparisons  with  predictive  techniques.  A  unique  feature 
of  this  study  was  the  detailed  measurements  of  the 
distribution  of  heating  over  individual  roughness  elements 
were  made  for  the  first  time.  Also,  skin  friction 
measurements  were  made  on  representative  segments  of 
the  surface.  Such  measurements  provide  a  direct  way 
of  evaluating  the  accuracy  of  the  macroscopic  modeling 
of  these  flows.  During  the  third  phase  of  the  study,  we 
investigated  the  surface  blowing  effects  in  the  absence 
of  surface  roughness.  The  following  research  forms  the 
fourth  segment  of  this  program,  designed  to  investigate 
the  effects  on  coolent  properties  on  aerothermal 
performance. 


In  this  paper,  we  first  discuss  the  design  and 
objectives  of  the  experimental  program.  A  description 
is  then  given  of  the  experimental  facilities,  the  models 
and  instrumentation  and  the  reduction  and  evaluation  of 
the  measurements.  The  results  of  the  program  are  then 
presented  and  discussed,  and  compared  with 
measurements  from  earlier  studies.  The  measurements 
are  correlated  with  those  from  earlier  studies  and 
compared  with  simple  prediction  methods  and  the  results 
of  computations  with  the  BLIMP  and  HEARTS  code. 

2.  EXPERIMENTAL  PROGRAM 

2.1  Program  Objective 

This  investigation  forms  the  fourth  part  ol  a  series 
of  studies  to  investigate  the  separate  and  combined 
effects  of  surface  roughness  and  blowing  on  the  heat 
transfer  and  skin  friction  to  ablative  and  transpiration- 
cooled  surfaces.  A  key  objective  of  this  work  was  to 
obtain  measurements  which  provide  insight  into  the 
macroscopic  modeling  of  aerothermal  phenomena 
associated  with  the  ablative  cooling  of  hypersonic 
vehicles.  In  this  phase  of  the  study,  we  investigated  the 
effects  of  molecular  weight  and  specific  heat  of  the 
injectant  on  the  heat  transfer  and  skin  friction  to  the 
cone  surface  in  the  absence  of  surface  roughness. 

2.2  Program  Design 

In  order  to  evaluate  the  separate  and  combinec 
effects  of  surface  roughness  and  blowing,  we  obtainec 
measurements  at  the  same  freestream  conditions  of  the 
effects  of  blowing  on  a  model  ol  identical  geometry  as 
the  model  we  used  earlier  in  the  blowing  and  roughness 
studies,  but  without  the  hemispherical  roughness  elements 
molded  into  the  surface.  On  the  reconfigured  mode!, 
the  miniature  heat  transfer  instrumentation  installec  in 
the  smooth  surface  was  designed  to  provide  a  detailed 
mapping  of  the  heating  around  the  injection  ports  at 
each  measurement  station  along  the  model.  Again,  we 
employed  unique  skin  friction  instrumentation  in  which 
the  cooling  fluid  is  introduced  through  the  diaphragm  of 
the  floating  sensing  element. 

2.3  Shock  Tunnel  Facilities  and  Free-Stream 

Conditions 

The  experimental  program  was  conducted  at 
freestream  Mach  numbers  of  11  and  13,  for  local  Reynolds 
numbers  up  to  100  x  10^  and  wall-to-freestrearr, 
stagnation  temperature  ratios  of  0.19  and  0.20  in 
Calspan's  96-inch  shock  tunnel".  The  model  used  was 
designed  so  that  at  the  test  conditions  at  which  the 
studies  were  conducted,  the  transpiration  was  initiated 
downstream  of  the  end  of  boundary  layer  transition. A 
description  of  the  principles  and  operation  of  the  shock 
tunnel  are  presented  in  reference  10.  The  test  conditions 
at  which  these  studies  were  conducted  are  listed  in 
Table  1.  For  the  test  conditions  at  which  our  studies 
were  conducted  the  uncertainty  in  the  pitot  pressure 
measurement  from  errors  in  calibration  and  recording  is 
♦  2.5%.  The  reservoir  pressure  can  be  measured  with 
an  unceruinty  of  ♦  2%,  and  the  total  enthaphy  (Hq)  can 
be  determined  from  the  driven  tube  pressure  and  the 
incident  shock  Mach  number  with  an  uncertainty  of  _♦ 
1.5%.  These  measurements  combine  to  yield  an 
uncertainty  in  the  Mach  number  and  dynamic  pressure 
measurements  of  ♦  0.8%  end  ^  3.5%  respectively. 
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2.4  Models  Design 

The  transpiration-cooled  slender  cone  model  used 
in  the  experimental  studies  is  shown  in  Figure  3.  The 
transpiration  cooled  surface  was  led  from  eight  high- 
pressure  reservoirs  through  eight  Valcor  fast  acting 
valves.  Each  section  of  the  model  is  constructed  with 
SIX  zones  that  run  from  the  front  to  the  rear  of  the 
model.  This  enabled  us  to  vary  the  blowing  circum¬ 
ferentially  to  simulate  the  effects  of  differential  blowing 
resulting  from  model  incidence. 

He  used  the  surface  construction  technique 
developed  earlier  to  produce  a  number  of  different 
roughness  patterns  to  obtain  the  smooth  ablation  cooled 
surface.  The  low  momentum  mass  addition  was  injected 
from  passages  molded  in  the  model  skin  into  the  flow 
which  was  controlled  by  sonic  orifices  at  the  base  of 
passage.  This  latter  technique  was  employed  very  suc¬ 
cessfully  in  our  earlier  transpiration-cooled  studies  where 
we  were  able  to  obtain  precisely  controlled  blowing 
conditions.  The  flow  from  each  hole  in  the  model  was 
controlled  by  eight  sonic  orifices  in  the  model  skin  that 
were  fed  from  plenum  chambers  in  the  model.  The  flow 
from  each  orifice  was  released  into  a  cylindrical  passage 
molded  in  the  rubber  skin  between  each  roughness 
element.  The  area  ratio  between  the  orifice  and  circular 
passage  allowed  injectant  flows  from  the  surface  at 
velocities  of  approximately  100  ft/sec.  The  construction 
of  this  type  of  model  is  worth  the  effort  because  it 
results  in  an  experiment  where  surface  roughness  and 
blowing  are  completely  defined.  Because  we  used  cho  led 
orifices  over  the  entire  model,  mass  flow  from  each 
model  zone  was  precisely  controlled  by  plenum  pressures. 
Mass  flows  over  the  model  were  unaffected  by  the 
distribution  of  surface  pressure  on  transients  associated 
with  tunnel  starting.  Figure  4  shows  the  model  schematic 
with  key  dimensions  and  the  locations  of  the 
instrumentation  blocks  containing  the  heat  transfer, 
pressure  and  skin  friction  instrumentation.  A  typical 
instrumentation  block  layout  is  shown  in  Figure  5. 

2.5  Surface  Instrumentation 

The  heat  transfer  instrumentation  used  in  these 
studies  IS  based  on  a  thin-film  heat  transfer  technique 
which  senses  the  transient  surface  temperature  of  a  non¬ 
conducting  model  by  means  of  thin-film  resistance 
thermometers.  Because  the  thermal  capacity  of  the  gage 
IS  negligible,  the  instantaneous  surface  temperature  of 
the  backing  material  is  related  to  the  heat  transfer  rate 
by  semi-infinite  slab  theory.  The  gages  are  fabricated 
on  tiny  pyrex  buttons  0.080  inches  in  diameter,  mounted 
flush  with  the  model  surface.  As  shown  in  Figure  5, 
these  gages  were  distributed  around  the  injection  orifices 
to  provide  some  insight  into  the  macroscopic  flow  on 
these  regions.  The  uncertainties  associated  with  the 
gage  calibration  and  the  recording  equipment  are 
estimated  to  be  «  5%  for  the  levels  of  heating  obtained 
in  the  current  studies. 

The  skin  friction  gage  is  an  acceleration 
compensated  single  component  force  balance  in  which 
transpiration  cooling  passages  are  vented  through  the 
surface  of  the  gage.  After  a  number  of  different 
approaches  were  tried,  a  design  was  developed  with  non¬ 
metric  coolant  passages  passing  through  the  metric 
diaphragm  with  very  little  clearance.  Such  tight 
clearances  are  allowed  because  the  crystal  and  rubber 
support  and  measuring  system  on  which  the  diaphragm, 
is  mounted  is  very  stiff,  so  that  deflection  under  load 
IS  insignificant.  A  floating  diaphragm,  which  in  this 
particular  design  contains  the  two  suction  parts  is 
supported  flush  with  the  surface  on  a  piezoelectric 


sensing  beam  through  a  single  fixture.  The  diaphragm 
is  stabilized  around  its  perimeter  by  silicon  posts.  The 
silicon  posts  are  molded  into  a  gasket  that  contains  a 
rubber  boot  which  is  cemented  between  the  diaphragm 
and  the  body  of  the  gage  to  prevent  the  hot  gases  from 
reaching  the  crystal  beam.  A  second  beam  and  diaphragm 
combination  is  incorporated  into  the  body  of  the  gage 
to  provide  a  signal  used  for  transducer  acceleration 
compensation.  The  electrical  signals  from  the  sensing 
and  compensation  beam  are  added  electrically  in  such  a 
manner  that  when  the  gage  is  "shaken"  in  the  absence 
of  an  air  load,  the  net  output  is  zero.  The  injection 
flow  through  the  gage  is  metered  through  a  series  of 
sonic  orifices  set  in  the  base  of  the  gage.  The  geometric 
and  mechanical  design  features  of  the  gages  were  refined 
in  a  series  of  bench  tests  and  tunnel  studies.  The 
developed  gage  has  a  frequency  response  of  20  kHz,  a 
sensitivity  of  20,000  mV/psi,  and  an  overall  accuracy  of 
♦  4%. 

Pressure  measurements  were  made  using  flush- 
mounted  Kulite  transducers.  Pressure  gages  have  been 
mounted  flush  with  the  silicon  skin  (see  Figure  5)  to 
record  the  pressure  fluctuations,  as  well  as  the  mean 
pressure  on  the  flap  resulting  from  the  unsteady  shock¬ 
wave/turbulent  boundary  layer  interaction  at  the  cut/flap 
junction.  Such  information  is  required  to  specify  the 
vibration  environment  on  the  flap  as  well  as  to  provide 
insight  into  the  base  flow  structure.  The  uncertainties 
associated  with  the  pressure  measurements  associated 
with  calibration  and  recording  apparatus  are  ^  3%. 

2.6  Holographic  Interferometry 

Holographic  interferometry  was  used  to  make 
flow-field  measurements.  Interferograms  of  complex 
flowfields  provide  good  qualitative  basis  for  evaluating 
some  of  the  important  phenomena  that  control  the 
characteristics  of  these  flows.  Calspan/UntversiXy  of 
Buffalo  Research  Center's  (CUBRC)  holographic 
recording  system was  used  for  this  study.  Both  single 
plate  and  dual  plate  techniques  are  required  to  record 
holograms,  which  are  subsequently  used  in  the  playback 
step  to  obtain  shadowgrams,  schlieren  photographs  and 
interferograms  of  the  tests.  Photographs  of  the  flow-field 
taken  with  infinite  fringe  interferometry-  are  shown  in 
Figure  6. 

3.  RESULTS  AND  DISCUSSION 

These  experimental  studies  were  conducted  at 
Mach  11  and  13  at  unit  Reynolds  numbers  of  10  x  10^/ft 
and  5  x  10^/ft,  respectively.  A  listing  of  the  test 
conditions  at  which  the  studies  were  conducted  are 
presented  in  Table  1.  All  the  studies  were  conducted 
with  a  sharp  10.5°  conical  configuration  with  nitrogen, 
helium  and  freon  injectants.  The  model  orientation  and 
blowing  configurations  are  listed  in  Table  2. 

3.1  Measurements  in  the  Absence  of 

Transpiration  Cooling 

Because  any  transpiration-cooled  surfaces  must 
contain  orifices  through  which  the  injectant  is  introduced 
in  the  absence  of  blowing  the  surface  will  exhibit  some 
degree  of  roughness  to  the  flow.  In  our  initial  studies 
we  explored  the  influence  of  the  roughness  of  the  surface 
by  matching  the  pressure  in  the  plenums  behind  the  sonic 
orifice  feeding  the  surface  to  the  cone  pressure;  such 
that  there  was  a  minute  flow  filling  the  orifices.  A 
comparison  between  measurements  under  matched 
pressure  conditions  and  the  heat  transfer,  skin  friction 
and  pressure  measurements  on  the  cone  at  Mach  1 1  and 
13  are  shown  in  Figures  7,  8,  and  9.  Here  we  see  the 
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caiculations  based  on  the  Van  Driest  I'*  method  and  the 
BLlMPl5  code  for  smooth  walls  are  in  good  agreement 
with  these  measurements.  The  minute  values  of  blowing 
where  the  flow  has  filled  in  the  cavities  thereby  presents 
an  effectively  smooth  body  to  the  flow. 

3.2  Studies  with  Nitrogen,  Helium,  and  Freon  Injectants 

In  these  studies  we  investigate  the  effects  of 
injection  rate  from  very  low  levels  where  the  heat 
transfer  and  skin  friction  were  reduced  alightly  = 

3x10"'*)  to  large  blowing  rates  (  Ae  =  1.5x10"')  where 
the  boundary  layer  was  "blown  off"  of  the  surface,  for 
helium,  nitrogen  on  Freon  14  injectants.  Here  we  wished 
to  examine  the  relative  performance  of  the  injectants 
to  quantify  the  effects  of  specific  heat,  and  molecular 
weight  on  the  thermal  protection  and  skin  friction 
reduction  of  the  cooling  layer.  file  anticipated  that 
heliun.,  with  its  higher  Cp  than  nitrogen,  would  absorb 
a  greater  quantity  of  heat  fromthe  flow;  and  the  lower 
molecular  weight  of  helium  would,  for  the  same  mass 
flow  rate  of  gas,  result  in  a  larger  volume  of  gas  blocking 
the  heat  transfer. 

Our  initial  investigation  was  with  a  nitrogen 
injectant  (Reference  2)  and  we  conducted  measurements 
for  blowing  rates  up  to  boundary  layer  blow-off. 
Examples  of  the  interferograms  taken  during  tljese  studies 
are  shown  in  Figure  6.  For  Ag  =  1.5x10"'  boundary 
layer  blow  off  occured.  This  can  be  observed  in  the 
skin  friction  measurements  shown  in  Figure  10.  Figure 
10a  shows  the  heat  transfer  measurements  taken  in  these 
studies  for  the  different  blowing  rates.  Here  we  show 
all  the  heat  transfer  data  from  gases  clustered  around 
the  injector  ports  at  each  downstream  station.  Ue 
observed  surprisingly  little  variation  of  heating  rates 
around  the  injectors,  and  in  the  remaining  plots  we  have 
averaged  the  heating  measurements  from  each 
instrumental  insert.  Both  the  heat  transfer  and  skin 
friction  instrumentation  show  a  rapid  decrease  in  levels 
with  increase  in  blowing  at  the  lower  blowing  rates  (B'c. 
C.5)  while  for  blowing  rates  for  B  >3  there  is  relatively 

little  change  with  increased  blowing,  as  shown  in  Figures 
11a  and  lib  where  the  blockage  heating  is  plotted  in 
terms  of  the  blowing  parameter  B'.  Also  shown  are  the 
calculations  with  the  BLIMP  code  which  illustrate  that 
at  the  downstream  station  the  code  and  measurement 
are  in  relatively  good  agreement.  This  is  illustrated  in 
Figure  12  where  the  heat  transfer  measurement  along 
the  code  are  compared  with  the  BLIMP  code  for  Ag  = 
0.33x10"^.  The  results  of  the  HEARTS  code  for  the 
same  flow  configuration  are  shown  in  Figure  13,  together 
with  composings  at  a  lower  blowing  rate.  Again  the 
agreement  is  good  at  the  back  of  the  cone,  well 
downstream  of  the  transients  which  are  generated  as 
blowing  IS  intiated  in  the  cone. 

The  measurements  of  heat  transfer  and  skin  friction 
with  the  helium  injectant  are  shown  in  Figures  14a  and 
14b.  It  is  clear,  helium  is  a  far  more  efficient  coolent 
than  nitrogen,  with  ^  =  7.5x10"**  to  reduce  the  heaung 
by  80%  rather  than  the  1.5xl0"3  required  for  nitrogen. 
This  we  believe  results  directly  from  the  increased  heat 
absorption  of  the  gas  =  S  2  )  and  the  in¬ 

creased  volume  of  gas  for  a  given  mass  flow  rate  (Mol 
Wt  N2/M0I  Wt  Hg  =  7  ).  Boundary  layer  blow-off 

occurs  for  a  far  lower  B'  (<  1)  for  the  helium  injectant 
and  lor  B'  greater  than  the  heating  to  the  core  is  reduced. 
Figures  15a  and  15b  show  correlations  of  the  heat  transfer 
and  skin  friction  blockage  factors  in  terms  of  the  blowing 
parameter.  It  can  be  seen  that  bound;  ry-ljyer  blowoff 
occurs  for  B's  ck  0.6,  and  at  these  conditions  there  is  a 
over  80%  reduction  in  the  surface  heat  transfer. 


While  low  molecular  weight  and  high  Cp  of  the 
helium  results  in  a  more  effective  coolant  than  nitrogen, 
freon  can  be  seen  in  Figure  16  and  17  to  be  a  relatively 
poor  coolant.  Even  at  the  largest  blowing  rates  we  did 
not  observe  boundary  layer  blow-off  and  for  these  high 
mass  additon  rates,  we  were  able  to  achieve  no  better 
than  a  75%  reduction  in  cone  heating.  However,  the 
measurements  made  with  freon  along  the  cone  correlate 
reasonably  well  in  terms  of  blockage  factor  and  blowing 
parameter  as  shown  in  Figure  17. 

3.3  Correlations  of  Experimental  Measurements 


The  measurements  for  each  of  the  injectants  are 
plotted  together  in  terms  of  the  conventional  blockage 
factors  and  blowing  parameters  in  Figures  18a  and  18b. 
This  figure  graphically  illustrates  the  greater 
effectiveness  of  the  helium  injectant  in  reducing  both 
the  momentum  and  heat  transfer  flux  to  the  surface.  In 
order  to  correlate  these  measurements,  we  have  plotted 
the  blocking  parameter  in  terms  of  a  modified  blowing 
parameter  incorporating  the  specific  heat  ratio  and  the 
molecular  weight  ratio  defined  as 
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We  examined  correlations  based  on  a  number  of 
forms  of  this  expression  and  selected  two  forms  which 
give  the  best  correlation  of  the  measurements 
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These  correlations  are  shown  in  Figures  19  and  20. 


Ideally  the  correlations  should  contain  both  the 
molecular  weights  and  specific  heat  parameters,  however, 
an  additicnal  set  of  studies  with  different  injectant  would 
be  required  to  justify  a  more  complex  form.  What  is 
of  interest  is  that  both  the  non-dimensional  skin  friction 
and  heat  transfer  correlatate  well  with  the  same  power- 
law  expressions,  suggesting  that  even  lor  large  blowing 
rates  the  basic  mechanisms  of  heating  and  momentum, 
transfer  are  similiar.  Also  in  these  figures,  we  have 
plotted  the  empirical  relationship  Cj^/Cho  =  B'/(e^'-l) 
which  was  in  relatively  good  agreement  with  our  earlier 
measurements  on  rough  blowing  cones.  We  see  that  this 
correlation  is  in  good  agreement  with  the  skin  friction 
correlations  but  tends  to  underpredict  the  heat  transfer 
to  transpiration  cooled  cones  in  hypersonic  flow.  In 
Figure  21  we  show  a  correlation  between  the  measured 
cone  pressure  and  the  modified  blowing  parameter.  These 
measurements  show  that  for  modified  blowing  parameters 
of  above  2  there  is  a  significant  interaction  between  the 
growth  of  the  boundary  layer  and  the  inviscid  flow.  W  hen 
this  occurs  the  boundary  layer  is  close  to  the  blow-off 
condition. 


The  heat  transfer  measurements  made  in  the 
current  study  are  compared  with  those  made  earlier  on 
flat  plates  and  cones  in  supersonic  flow  in  Figure  22. 
In  general  our  measurements  in  hypersonic  flow  show 
increased  effectiveness  of  transpiration  cooling  with  an 
increase  Mach  number.  This  trend  is  consistent  with 
earber  observations  in  flows  of  film  cooling. 

3.4  Comparison  Between  BLIMP  and  HEARTS  Code 

Calculations  made  using  the  HEARTS  Code  are 
compared  with  heat  transfer  rate  measurements  of  a 
highly  blowing  configuration  with  nitrogen  injection,  in 
Figure  23.  We  see  that  toward  the  base  of  the  cone 
both  theory  and  experiment  are  in  good  agreement.  Also, 
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whether  the  HEARTS  Code  is  employed  in  a  zonal  or 
marching  mode  it  gives  consistent  results.  However,  the 
code  (which  uses  essentially  a  mixing  length  model),  is 
unable  to  predict  the  behavior  of  heatmg  just  downstream, 
of  the  point  of  the  initiation  of  surface  blowing.  In 
fact,  the  calculations  show  that  there  is  a  small  upstream, 
influence  which  results  in  an  extremely  rapid  decrease 
to  a  relatively  steady  region  of  reduced  heating  close  to 
the  beginning  of  injection. 

Figures  12  and  13  show  comparisons  between  the 
BLIMP  code  and  measurements  for  large  surface  blowing 
at  Mach  11  and  13.  Again,  we  see  that  there  is  relatively 
good  agreement  betweer.  the  code  predicitons  and 
measurements  at  the  base  of  the  cone.  Additional 
computations  for  the  Mach  13  condition  showing  the 
effects  of  blowing  rate  on  the  heat  transfer  and  skin 
friction  distribution  are  shown  in  Figure  2L.  Again  we 
see  that  lor  relatively  modest  levels  of  blowing  B'  <  0.8, 
there  is  relatively  good  agreement  between  the  prediction 
methods  and  experiment  on  the  back  of  the  cone. 
However,  for  high  blowing  rates  the  BLIMP  code 
significantly  overpredicts  the  skin  friction  to  the  cone. 

L.  CONCLUSIONS 

An  experimental  study  has  been  conducted  to 
examine  the  effects  of  coolent  properties  on  the  heat 
transfer  and  skin  friction  to  a  transpiration-cooled  sharp 
cone  in  hypersonic  flow.  These  studies  were  conductea 
in  the  Calspan  96-Inch  Shock  Tunnel  at  a  Mach  number 
of  11  and  local  Reynolds  number  of  lOOxlC^. 
Measurements  of  the  reduction  in  heating  and  skin 
friction  to  the  cone  were  made  for  blowing  rates  B'  fron. 
0.10  tc  5.0.  The  detailed  measurement  arounc  the 
injection  ports  demonstrated  that  the  heating  of  a  giver 
downstream  station  was  not  strongly  influenced  by  the 
injection  configuration.  A  unique  skin  frictior 
measurement  technique,  in  which  the  injectant  was 
introduced  through  the  balance  was  found  to  work  well. 
The  holographic  measurements  gave  definitive  indications 
of  boundary  layer  behavior  with  blowing. 

Correlations  of  the  measurements  with  those  from 
earlier  studies  indicate  that  at  hypersonic  speeds,  we 
obtain  significantly  larger  cooling  effectiveness  than  at 
supersonic  speeds.  Correlations  of  the  heat  transfer  and 
skin  friction  measurements  for  the  different  injectants 
indicate  that  their  relative  effectiveness  may  be 
expressed  in  terms  of  either  the  effects  of  specific  heat 
or  molecular  weight  ration.  Prediction  with  the  HEARTS 
and  BLIMP  code  are  in  good  agreement  with  the  heat 
transfer  and  skin  friction  at  the  base  of  the  cone  for 
the  lower  blowing  rates.  However,  close  to  the  initiation 
of  blowing  the  heating  and  skin  friction  levels  are  under- 
predicted,  presumably  because  of  the  simplicity  of  the 
turbulence  models  used  in  these  codes. 

NOMENCLATURE 


B' 

=  B'h 

b'h 

=  (  ) 

y  lip  c„ 

Bf 

-  -2  j 

\  Cf 

Ch 

= 

“  value 

(Hq  -  H,^);  Chp  zero  blowing 

3 

^vV 

u-e 

M  :  Mach  number 


H 

Cp  =  P/'/i /"oo  zero  blowing  value 

Cf  =  tj'k  x’e  “•!  •  zero  blowing  value 

P  =  static  pressure 

T  -  static  temperature 

=  density 

Subscripts 

O  =  stagnation  conditions 

Vt  r  conditions  at  wall 

e  =  local  conditions  at  the  edge  of  boundary 

layer 

inj  =  injectant 

,  inf,  FS  =  conditions  in  the  freestrean-; 
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Table  I 

TEST  CONDITIONS 


Run 

Po/10‘4 

HO/10" 7 

To 

Minf 

Uinf 

Tinf 

Pinf 

Rhoinf 

PSIA 

(FT/SEC) *2 

R 

FT/SEC 

R 

PSIA 

SLUGS/FT3 

1 

1.7673 

2.1545 

3071.5 

13.072 

6478.2 

98.674 

.072892 

5.9895(-5) 

2 

1.7820 

2.1253 

3058.0 

13.078 

6434.4 

97.259 

.073958 

6.1655(-5) 

3 

1.7643 

2.1596 

3073.3 

13.071 

6485.9 

98.916 

.072671 

5.956e(-5) 

4 

1.7568 

2.1174 

3066.8 

13.055 

6422.0 

97.217 

.073673 

6.1444{-5) 

5 

1.7580 

2.1545 

3071.5 

13.068 

6478.2 

98.731 

.072569 

5.9595(-5) 

6 

1.7755 

2.1868 

3084.1 

13.078 

6526.7 

100.060 

.072492 

5.8739(-5) 

7 

1.7220 

1.7216 

2543.8 

11.357 

5764.5 

103.510 

.205160 

1.6070(-4) 

8 

1.7205 

1.7680 

2560.7 

11.359 

5841.6 

106.260 

.202000 

1.5414(-4) 

9 

1.6975 

1.7827 

2552.4 

11.359 

5866.0 

107.140 

.197730 

1.4964(-4) 

10 

1.7103 

1.7396 

2551.5 

11.354 

5794.4 

104.64  0 

.202710 

1.5707(-4) 

11 

1.6988 

1.7645 

2544.7 

11.359 

5835.9 

106.040 

.198930 

1.5210(-4) 

12 

1.7128 

1.8197 

2575.9 

11.361 

5926.6 

109.330 

.197740 

1.4665(-4) 

16 

1.7905 

1.7493 

2588.6 

11.362 

5810.7 

105.080 

.213220 

1.6452(-4) 

17 

1.7855 

1.8049 

2620.7 

11.358 

5902.3 

108.490 

.209640 

1.5667{-4) 

18 

1.7650 

1.7584 

2568.5 

11.366 

5825.9 

105.550 

.208280 

1.6000(-4) 

19 

1.7883 

1.7721 

2578.4 

11.372 

5848.7 

106.270 

.210260 

1.6042(-4) 

20 

1.7613 

1.8043 

2580.3 

11.370 

5901.6 

108.230 

.204600 

1.5327(-4) 

21 

1.7560 

1.7882 

2575.3 

11.367 

5875.0 

107.320 

.205100 

1.5496(-4) 

22 

1.7500 

1.8306 

2621.5 

11.353 

5944.1 

110.120 

.203510 

1.4984(-4> 

23 

1.7100 

1.7998 

2590.2 

11.349 

5893.8 

108.350 

.199830 

1.4953(-4) 

24 

1.7203 

1.7978 

2611.5 

11.341 

5890.3 

108.370 

.202400 

1.5143(-4) 

25 

1.7263 

1.8164 

2611.4 

11.348 

5920.8 

109.370 

.201480 

1.4936(-4) 

26 

1.7163 

1.8093 

2602.3 

11.348 

5909.2 

108.950 

.200430 

1.4917(-4) 

27 

1.7320 

1.8375 

2614.3 

11.353 

5955.2 

110.540 

.200540 

1.4709(-4) 

28 

1.6933 

1.8068 

2591.2 

11.345 

5905.1 

108.840 

.197440 

1.4708(-4) 

29 

1.7160 

1.8586 

2617.3 

11.352 

5989.4 

111.840 

.197240 

1.4299(-4) 

30 

1.6973 

1.7928 

2581.3 

11.348 

5882.3 

107.950 

.198470 

1.4907(-4) 

31 

2.1373 

2.2517 

3137.6 

13.196 

6624.5 

101.250 

.084081 

6.7329(-5) 

32 

2.1837 

2.2323 

3162.1 

13.182 

6595.8 

100.590 

.087343 

7.0404(-5) 
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Table  II 

BLOWING  CONFIGURATION 

Force 

lambda-e  Ini.  Flap 

HT&P 

Flap 

AOA 

1 

13 

(10  6/ft) 

4.7 

(deg) 

0 

O.OOOE+00 

N2 

(deg) 

15 

(deg) 

15 

(deg) 

0 

2 

13 

4.7 

0 

3.535E-04 

N2 

15 

15 

0 

3 

13 

4.7 

0 

3.898E-04 

N2 

15 

15 

0 

4 

13 

4.7 

0 

5.680E-04 

N2 

15 

15 

0 

5 

13 

4.7 

0 

1.315E-03 

N2 

15 

15 

0 

6 

13 

4.7 

0 

l.OlOE-03 

K2 

15 

15 

0 

7 

11 

10 

0 

3.577E-04 

N2 

15 

15 

0 

8 

11 

10 

0 

5.502E-04 

N2 

15 

15 

0 

9 

11 

10 

0 

1.478E-03 

N2 

15 

15 

0 

10 

11 

10 

0 

1.031E-03 

N2 

15 

15 

0 

11 

11 

10 

0 

2.321E-04 

N2 

15 

15 

0 

12 

11 

10 

0 

3.111E-04 

N2 

15 

15 

0 

14 

11.4 

11 

0 

5.421E-04 

N2 

15 

15 

0 

15 

11.4 

11 

0 

6.543E-04 

N2 

15 

15 

0 

16 

11.4 

11 

0 

1.027E-04 

He 

15 

15 

0 

17 

11.4 

11 

0 

1.476E-04 

He 

15 

15 

0 

18 

11.4 

11 

0 

2.654E-04 

He 

15 

15 

0 

19 

11.4 

11 

0 

4.382E-04 

He 

15 

15 

0 

20 

11.4 

11 

0 

1.028E-04 

He 

15 

15 

0 

21 

11.4 

11 

0 

9.618E-05 

He 

15 

15 

0 

22 

11.4 

10 

0 

2.198E-04 

He 

15 

15 

0 

23 

11.3 

10 

0 

O.OOOE+00 

- 

15 

15 

0 

24 

11.3 

10 

0 

3.126E-03 

Freon 

15 

15 

0 

25 

11.3 

10 

0 

2.166E-03 

Freon 

15 

15 

0 

26 

11.3 

10 

0 

1.381E-03 

Freon 

15 

15 

0 

27 

11.4 

10 

0 

9.879E-04 

Freon 

15 

15 

0 

28 

11.3 

10 

0 

6.242E-04 

Freon 

15 

15 

0 

29 

11.4 

9.7 

0 

4 .537E-04 

Freon 

15 

15 

0 

30 

11.3 

10 

0 

3.831E-04 

Freon 

15 

15 

0 

31 

13.2 

5.6 

0 

O.OOOE+00 

- 

15 

15 

0 

32 

13.2 

5.8 

0 

6.761E-04 

Freon 

15 

15 

0 

33 

13.2 

5.5 

0 

O.OOOE+OO 

- 

15 

15 

0 
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Figure  1  SUMMARY  OF  BLOCKAGE  HEATING  FROM  EARLIER  STUDIES  ON  FLAT 
PLATES  AND  CONES  IN  TURBULENT  FLOW  (HOLDEN  REF.  1) 
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Figure  2  COMPARISON  BETWEEN  THE  MEASUREMENT  MADE  IN  THE  NOSETIP  STUDIES 

WITH  NITROGEN  INJECTANT  AND  THE  EARLIER  BLOCKAGE  DATA  (HOLDEN  REF.  1) 
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Figure  6  HOLOGRAPHIC  INTERFEROMETRY  PHOTOGRAPHS  FOR  NITROGEN  INJECTION 
AT  MACH  11  CONDITION 
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Figure  10a 


Figure  10b 


VARIATION  OF  HEAT  TRANSFER  ALONG  THE  CONE  WITH  NITROGEN  INJECTION 
(MACH  11,  RE/FT  =  10  X  10  ®) 


VARIATION  OF  SKIN  FRICTION  ALONG  THE  CONE  WITH  NITROGEN  INJECTION 
(MACH  11,  RE/FT  «  10  X  10  ®) 


12 


HEATING  RATE  5  HEATING  RATE  HEATING  RATE 


MODEL  LENGTH  (IN) 
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12  16  20  24  26  32  36 

MODEL  LENGTH  (IN) 

13a  SMOOTH  BLOWING  DATA,  BLOWIING  RATE  *  0.53%  FREE  STREAM 

35 

30 

25 
20 
15 

10 

5 
0 

12  16  20  24  28  32  36 

MODEL  LENGTH  (IN) 

Figure  13b  SMOOTH  BLOWING  DATA.  BLOWING  RATE  «  0.09%  FREE  STREAM 


14 


I 

I 


I 

I 

I 

I 

I 

I 

I 

I 

I 

I 


Figure  14a  VARIATION  OF  HEAT  TRANSFER  MEASUREMENTS  WITH  BLOWING  PARAMETER 
FOR  HELIUM  INJECTION 
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Figure  18a 


VARIATION  OF  HEAT  TRANSFER  WITH  BLOWING  PARAMETER  B’^. 
FOR  VARIOUS  INJECT  ANTS 


Figure  18b  VARIATION  OF  SKIN  FRICTION  WITH  BLOWING  PARAMETER  B’, 
FOR  VARIOUS  INJECTANTS 
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Figure  21a  VARIATION  OF  CONE  PRESSURE  WITH  BLOWING  PARAMETER 


Figure  21b  VARIATION  OF  CONE  PRESSURE  WITH  MODIFIED  BLOWING  PARAMETER 


Figure  23  COMPARISON  BETWEEN  HEARTS  CODE  COMPUTATION  AND  MEASUREMENTS 
AT  MACH  11 
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ABSTRACT 

A  preliminary  experimental  study  has  been 
conducted  in  which  an  electron  beam,  and  pitot  and  total 
temperature  probes  were  used  to  measure  the  mean  and 
fluctuating  density,  and  mean  static  temperature  across 
a  Mach  7.5  turbulent  boundary  layer  over  a  U-U  long 
6°  sharp  cone.  The  experimental  studies  were  conducted 
in  the  Calspan  96"  Tunnel  at  a  free  stream  Mach  number 
of  8.5  and  unit  Reynolds  number  of  5  x  10^.  Our  initial 
use  of  this  technique  has  demonstrated  a  potential  to 
obtain  fluctuation  measurements  up  to  frequencies 
approaching  I  MHz.  Additional  improvement  is  expected 
when  more  advanced  optics  are  used.  The  mean 
rotational  temperature  through  the  boundary  layer  can 
be  determined  from  spectra  obtained  using  an  Optica! 
Multichannel  Analyzer.  The  electron  gun  has  proven 
highly  reliable  has  the  potential  to  work  at  equivalent 
densities  up  to  over  lOOtorr.  Further  developments  are 
anticipated  employing  an  electron  beam  to  stimulate  a 
gas  which  is  examined  using  a  resonant  laser  technique. 

INTRODUCTION' 

Powerful  numerical  techniques  based  on  the  Navier- 
Stokes  equations  are  available  for  the  prediction  of 
hypersonic  viscous  flows.  Providing  these  flows  are 
laminar  the  acccuracy  of  the  results  of  the  computations 
is  impressive  /Rudy  et  a)  0  9891'.  However  if  the 
hypersonic  boundary  layers  or  shear  layers  are  turbulent, 
agreement  with  measured  data  is  often  unsatisfactory  as 
a  result  of  serious  shortcomings  in  the  time-averaged 
models  used  to  represent  the  turbulence.  The  structure 
of  turbulent  boundary  layers  hypersonic  speeds  is  poorly 
understood.  This  in  part  results  from  the  paucity  of 
measurements  to  define  the  fluctuatory  characteristics 
of  the  turbulence  which  is  in  turn  related  to  the  severe 
difficulties  in  developing  suitable  instrumentation  to 
make  accurate  measurements  in  high  Mach  number  flows. 
However  without  a  better  physical  understanding  of  the 
characteristics  of  the  time  dependent  properties  of  these 
flows,  the  validity  of  turbulence  models  cannot  be 
meaningfully  evaluated. 

Most  models  of  turbulence  used  to  describe 
compressible  flows  have  been  derived  from  concepts 
developed  from  low  Mach  number  or  other  incompressible 
flows  where  fluctuations  in  thermodynamic  quantities 
fdensity,  temperature,  etc.)  are  small  enough  to  be 
neglected.  As  the  Mach  number  increases  these 
fluctuations  become  more  important  and  al  hypersonic 
speeds,  they  can  be  the  most  significant  varying 
quantities.  Furthermore,  in  many  important  flows  there 
are  features  which  pose  difficulties  in  modeling.  For 
example,  in  regions  shock/boundary  layer  interactions, 
which  are  regions  of  intense  heating.  The  way  in  which 
the  turbulence  responds  to  the  rapid  changes  in  flow 
conditions  presently  poorly  understood. 

To  develop  improved  models  of  transition  and 
turbulence  in  hypersonic  flow,  new  experimental 
techniques  are  needed  to  provide  basic  insight  into  the 
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physics  of  the  flows.  Because  of  the  high  velocities  and 
small  physical  scales  of  the  turbulent  boundary  layers 
that  can  be  generated  in  practical  test  facilities, 
measuring  techniques  have  to  be  extremely  fast- 
responding  to  resolve  even  the  large  scale  eddies.  Probes 
using  solid  sensors,  such  as  hot  wire  or  hot  fiber 
anemometers,  are  unsuitable.  Techniques  in  which  the 
gas  itself  is  excited  so  that  its  properties  can  be  directly 
monitored  appear  to  be  the  most  viable  options.  Methods 
using  electron  beams  or  lasers  to  induce  fluorescence 
(EBFT  and  LIF,  respectively)  are  the  two  most  promising 
techniques  presently  under  review.  Combinations  of  the 
two  have  also  been  proposed  fsee  for  example  Caltolica, 
et  al  (19?“’)).  With  these  techniques  a  beam  of  either 
electrons  or  photons  is  passed  through  the  gas  to  produce 
fluorescence  which  can  be  observed  optically  (see  Figure 
P.  Providing  that  the  detectors  can  respond  quickly 
enough,  fluctuations  in  the  density  or  even  temperature 
could  be  resolved  up  to  frequencies  in  excess  of  1  MHz. 
The  latter  measurement  requires  a  complex  optical 
detector  as  the  spectrum  of  the  emitted  light  has  to  be 
resolved.  Both  EBFT  and  LIF  have  the  added  attraction 
of  being  non-intrusi ve.  However,  they  need  special 
equipment  which  in  the  case  of  LIF  can  be  expensive, 
and  relatively  undeveloped. 

The  maximum  frequency  of  the  fluctuations  that 
can  be  resolved  is  limited  by  the  size  of  the  region  of 
fluorescing  gas  from  which  light  is  gathered  and  by  the 
speed  at  which  the  detectors  can  respond.  In  the  case 
of  the  former,  the  dimensions  are  likely  to  be  of  the 
order  of  one  millimeter  or  less  and  at  hypersonic  speeds 
fluctuations  move  through  this  space  in  less  than  1  usee. 
The  limitation  is  thus  set  by  the  detectors.  This  problem 
is  common  to  both  EBFT  and  LIF  methods.  Using 
available  techniques,  frequencies  of  the  order  of  100  KHz 
to  1  MHz  can  be  resolved  provided  that  the  fluorescence 
intensities  and  the  light  gathering  properties  of  the  optics 
are  sufficient  for  Shott  noise  difficulties  to  be  avoided. 
This  noise  arises  if  the  frequency  of  the  arrival  of 
individual  photons  at  the  detector  is  not  considerably 
higher  than  that  of  the  phenomenon  being  observed. 

The  Electron  Beam  Fluorescence  Technique 

EBFT  is  a  well-established  method  for  investigating 
rarefied  hypersonic  flowfields  where  the  number  density, 
n,  is  less  than  about  10*^/cc  (  0.5  torr  room  temperature 
equivalent  pressure);  see,  for  example,  Davis  &  Harvey 
(19761.  Excellent  review  papers  by  Muntz  (1968)  and 
Butterfisch  and  Vennemann  fl974)  describe  and  analyze 
the  technique  in  detail  and  provide  references  to  most, 
if  not  all,  of  the  investigations  using  it  up  to  their 
respective  dates  of  writing.  Eariler  studies  in  which 
EBFT  was  applied  to  less  rarefied  and,  in  several  cases, 
turbulent  flows  include  Boyer  and  Muntz  (1967),  Dionne, 
Sadowski  and  Tradif  (1967),  Cama  (1967),  Wallace  (1968) 
whose  data  was  subsequently  analyzed  by  Harvey,  et  al 
(1969),  Smith  and  Driscott  11975),  McRonald  (1975), 
Harvey  and  Hunter  (19751,  Bartlett  (1980)  and  Lin  and 
Harvey  11987).  These  references  contain  a  wealth  of 
useful  information  on  the  application  of  the  technique 
to  aerodynamic  problems. 
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For  nitrogen  the  excitation-emission  mechanisms 
are  well  understood  over  the  range  of  densities  of  interest 
for  hypersonic  aerodynamics  (n  =  10^  to  10^^/cc). 

Molecular  nitrogen  exhibits  significant  emissions  from 
two  band  systems  in  the  pressure  range  of  interest.  At 
low  pressures,  typically  less  than  one  torr,  the  1st 
negative  system  (1-'  is  predominant  but  at  higher 
pressures  the  NS  2nd  positive  (2+)  system  becomes 
increasingly  more  intense.  The  excitation-emission 
mechanism  for  the  two  systems  is  different. 

The  N2  H-)  system  is  excited  chiefly  by  direct 
inelastic  collisions  with  primary  beam  electrons  (20-50 
kV),  with  a  small  contribution  from  scattered  electrons 
with  sufficient  energy.  In  contrast,  the  N2  (2+)  system 
is  excited  by  low  energy  secondary  electrons  which  result 
from  inelastic  collisions  between  primary  electrons  and 
gas  molecules.  The  Nj  (2*)  system  becomes  increasingly 
more  important  at  pressures  above  1  torr  and  dominates 
the  total  emission  at  higher  pressures.  The  excitation 
mechanism  of  the  N2  (2+^  system  does  not  require 
ionization  as  the  upper  transition  level  involving  the 
neutral  molecule  lies  well  below  the  N'2  ir^nization  level. 
The  excitation  of  the  N’2  (2+^  system  can  be  written: 
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This  excitation  process  has  a  small  cross-section  for  the 
high  energy  primary  electronics  but  has  a  large  cross- 
section  for  the  secondaries  formed  from  the  primary- 
ambient  gas  molecule  collisions.  The  optimum 
accelerating  voltage  has  been  found  experimentally  to 
be  approximately  50  kV  for  secondary  production.  50  kV 
also  provides  good  penetration  of  the  beam  through  a 
relatively  dense  gas.  The  secondary  electron  excitation 
mechanism  should  produce  a  quadratic  dependence  of 
intensity  on  number  density  as  the  cross-section  also 
includes  a  number  density  term.  The  observed  pressure 
dependence  does  in  fact  show  a  quadratic  relationship 
up  to  2  to  3  torr  (at  room  temperature^,  then  a  roughly 
linear  dependence  at  higher  pressures.  This  is  due  to  a 
quenching  effect  wherein  the  upper  energy  levels  of  the 
higher  vibrational  states  are  partially  depopulated  through 
non-radiative  transfer  to  the  lower  energy  levels,  whilst 
the  lower  vibrational  levels  such  as  the  (0,0)  and  the 
(0,P  bands  are  found  to  experience  a  cascading 
vibrational  collision  mechanism  which  populates  the 
excited  states.  This  cascade  process  is  believed  to  be 
a  major  factor  in  the  continued  linear  growth  of  the 
f0,0'  band  intensity  witn  increasing  pressure  whereas  the 
higher  vibrational  bands  exhibit  significant  quenching. 

Using  the  50  kV  electron  gun,  shortly  to  be 
described,  calibrations  of  intensity  against  density  were 
obtained  using  a  small  test  chamber  filled  with  pure 
nitrogen.  A  result  is  shown  in  Figure  2  where  the  density 
is  expressed  as  equivalent  room  temperature  (20°C1 
pressure.  The  approach  towards  a  linear  behavior  as  the 
density  increases  can  be  seen.  It  should  be  noted  that 
the  level  of  density  for  which  calibrations  have  been 


achieved  is  about  180  torr  (0.3  kg/m^).  Signifciant 
attenuation  of  the  electron  beam  occurs  at  these  densities 
but  sufficient  penetration  of  50  keV  particles  is  achieved 
for  the  technique  to  be  viable  for  wind  tunnel  studies 
where  boundary  layers  are  typically  1  cm  or  less  thick. 
Corrections,  to  account  for  the  reduction  in  beam  current 
of  the  form 

i(y)  =  i(y=0)  e'*^Q 
where  Q  =  and  K  =  const 

suggested  by  Smith  and  Driscott  (1977)  are  assumed. 
The  Shock  Tunnel  Experiment 

The  experiment  in  which  the  feasibility  of  using 
EBFT  to  study  dense  turbulent  boundary  layers  is  being 
conducted  in  the  96"  shock  tunnel  at  Calspan.  A 
schematic  of  the  E-beam  installation  is  shown  in  Figure 
3.  The  model  is  a  6°  semi-vertex  angle  smooth,  sharp 
tipped  cone  set  at  zero  angle  of  attack.  A  compact 
50  KV  gun  is  installed  within  the  model  and  the  beam 
is  fired  through  a  small  orifice  in  the  surface  directly 
into  the  cone’s  boundary  layer.  The  gun  is  shown  in 
greater  detail  in  Figure  3(b).  A  single  electro-magnet 
to  focus  the  beam  has  been  especially  designed.  It  is 
shaped  to  fit  within  the  model  and  yet  finely  focus  the 
beam  at  a  point  coincident  with  the  surface.  Here  the 
beam  passes  through  a  very  small  hole  in  a  graphite 
diaphragm  which  is  shaped  to  be  flush  with  the  mode! 
surface.  The  hole  allows  the  electrons  to  enter  the  test 
flow  but  effectively  isolates  the  interior  of  the  gun  from 
the  external  environment.  The  gun  is  continuously 
pumped  so  as  to  maintain  a  pressure  low  enough  for  the 
directly-heated  cathode  filament  to  survive.  The  gun 
has  been  ruggedly  designed  to  withstand  the  shock  loading 
that  is  inevitable  with  intermittant  wind  tunnels.  A 
Farady  cup  is  placed  on  the  electron  gun  axis  outside  of 
the  test  flow  to  safely  capture  the  beam  and  record  its 
current  immediately  before  each  test  run.  The  beam, 
captured  by  the  Faraday  cup  can  be  seen  in  Figure  9(b). 

The  optical  detection  system  is  mounted  to  the  side 
of  the  mode!  so  as  to  view  the  beam  in  a  direction 
tangential  to  the  cone  (see  Figure  9(a)l.  The  system  is 
fitted  with  three  slits  on  to  which  an  image  of  the  beam 
is  focused  by  a  lens  so  that  three  points  along  the  beam 
can  be  viewed  simultaneously.  Separate  photomultiplier 
tubes  are  used  for  each  channel.  A  common  narrowband 
optica!  interference  filter  ensures  that  only  light  from 
the  N2(7+),  0-0  band,  at  337.1  nm  wavelength  is 
transmitted  to  the  photomultipliers. 

A  series  of  experiments  have  been  conducted  at 
Mach  8.5  in  the  96"  Shock  Tunnel  using  the  'A'  nozzle 
which  has  an  exist  diameter  of  29".  Time  test  conditions 
were  6  milliseconds  using  pure  nitrogen  as  the  test  gas. 
The  electron  beam  was  located  at  55  ins  from  the  apex 
of  the  cone.  The  model  was  also  fitted  with  conventional 
flush  mounted  transducers  to  sense  the  surface  pressure 
and  heat  transfer.  A  rake  of  total  pressure  and 
temperature  probes  was  mounted  on  the  model.  From 
their  outputs,  a  profile  of  the  mean  velocity  at  the  same 
streamwise  location  as  the  electron  beam  was  deduced. 
The  measured  pitot  and  total  temperature  distribution  is 
shown  in  Figure  5  and  6.  The  measurements  are  compared 
with  the  Crocco  relationship  in  Figure  7.  We  see,  as 
observed  in  our  earlier  studies  (Holden  and  Havener', 
that  a  parabolic  form  for  this  relationship  is  a  more 
accurate  representation. 
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Calculations  using  the  van  Driest  compressibility 
transformation 
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proved  to  be  totally  reliable  and  has  the  potential  of 
operating  with  flow  of  at  least  three  times  the  density 
tested  here.  This  would  permit  its  use  in  experiments 
on  shock/boundary  layer  interaction. 

Further  developments  of  the  technique,  possibly  in 
conjunction  with  lasers,  can  be  envisaged.  The  use  of 
an  electron  beam  to  excite  the  gas  which  is  then 
interrogated  using  a  resonant  laser  technique  is  attractive 
in  comparison  to  the  conventional  LIF  method  which 
requires  powerful  lasers  to  directly  induce  the 
fluorescence.  The  technique  also  has  attractive 
possibilities  if  applied  to  multi-constituent  flows. 


,1 

where  c^  =  0  for  a  linear  relationship  and  c^  =  0.5  for 
a  parabolic  form  are  compared  with  the  experimental 
measurement  in  Figures  8,  9  and  10. 

While  the  velocity  distribution  is  in  reasonably  good 
agreement  with  experiment  these  are  significant 
difference  in  the  measured  and  calculated  density  and 
Mach  number  distributions.  The  measurements  of  mean 
density  with  the  electron  beam  where  in  good  agreement 
with  those  from  the  probe  measurements. 

Preliminary  data  from  the  electron-beam  reveal 
that  the  nature  of  the  turbulent  fluctuations  vary 
considerably  with  distance  from  the  wall.  Examples  of 
traces  are  shown  in  Figure  1 1  which  were  recorded 
digitally  using  a  800  KHz  bandwidth  system.  The  inherent 
photomultiplier  noise  levels  were  far  from  insignificant 
at  these  high  frequencies  as  is  evidenced  by  the  no-flow 
30  torr  calibration  signal  shown  at  the  bottom  of  the 
figure.  Similar  noise  levels  fsee  the  upper  trace!  were 
detected  outside  the  boundary  layer  which  had  a  predicted 
thickness  of  8.k9  mm  f0.3<<ti"i  at  the  beam  location.  This 
level  of  noise  is  superimposed  on  the  intermediate  traces 
also.  The  existence  of  intermittent  high  density  spikes 
at  the  mid  thickness  position  and  the  high  level  of  density 
fluctuation  at  y  i  10.2  mm  fO.kOl"!  which  is  16®c-  outside 
the  nominal  edge  are  notable. 

Figure  12  shows  examples  of  the  spectra!  band 
shape  of  the  N2f2+!  (O-Q!  transition  obtained  using  an 
Optical  Multichannel  Analyze  (OMA).  The  OMA  consists 
of  a  moderate  resolution  spectrograph  fitted  with  an 
intensified  silicon  diode  array  detector.  Light  integration 
time  on  the  detector  was  4  msec.  In  future  work  we 
will  fit  theoretic  spectra  to  these  spectra  to  evaluate 
the  rotational  temperatures,  and  it  can  clearly  seen  that 
the  width  of  the  envelope  of  the  R-branch  increases 
between  the  trace  for  the  cold  outer-flow  and  the  one 
for  the  hotter  room  temperature  example. 

Conclusions 

A  preliminary  experiment  has  been  conducted  in 
the  96"  Shock  Tunnel  and  the  viability  of  using  an  electron 
beam  in  an  intermittant  facility  to  study  the  time 
dependent  properties  of  turbulent  boundary  layers  has 
been  demonstrated.  These  experiments  have  only  just 
begun  and  definitive  fluctuation  measurements  are  to  be 
obtained  but  it  has  been  shown  that  the  technique  has 
the  potential  of  resolving  fluctuations  in  density  at 
frequencies  approaching  1  MHz.  Improvements  in 
resolution  of  the  high  frequency  signals  is  expected  if 
more  advanced  optical  detection  is  used.  Spectra  have 
also  been  obtained  from  which  mean  rotational 
temperatures  can  be  deduced.  The  electron  gun  has 
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Figure  1  ELECTRON  BEAM  FLUORESCENCE  TECHNIQUE 
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Figure  2  DENSITY-FLORESCENCE  INTENSITY  CALIBRATION 


4 


I 

I 


b)  E-BEAM  GUN  INSTALLATION  IN  CONE  MODEL 
Figure  3  ELECTRON  BEAM  INSTALLATION 
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a)  INSTALLATION  IN  96”  SHOCK  TUNNEL 


b)  BEAMS  IN  OPERATION 


Figure  4 


Figure  7  COMPARISON  BETWEEN  CROCCO  RELATIONSHIP  AND  THE 

MEASUREMENT  (M  «  8.5  Ft  «  40  X  10®) 
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Figure  8  COMPARISON  BETWEEN  VELOCITY  MEASUREMENTS  AND  THOSE 
PREDICTED  FROM  VAN  DRIEST  COMPRESSIBILITY  RELATIONSHIP 
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Figure  11  E-BEAM  DATA  ACROSS  THE  TURBULENT  BOUNDARY  LAYER 
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Figure  12  SPECTRA  OF  THE  E-BEAM  FLUORESENCE 
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Abstract 

An  experimental  program,  conducted  in  the 
Calspan  96-Inch  Shock  Tunnel,  is  described  in 
which  studies  were  made  of  the  effect  of  con¬ 
trolled  mass  addition  from  the  conical  surface  of  a 
slender  cone  on  the  structure  and  development  of 
the  “low-altitude”  turbulent  wake.  The  studies 
were  conducted  at  Mach  11  and  13  and  at 
Reynolds  numbers  based  on  the  wetted  length  of 
the  cone  from  15  x  10®  to  30  x  10®.  Measure¬ 
ments  of  pitot  and  static  pressure,  total  tempera¬ 
ture,  heat  transfer,  and  mass  concentration  were 
made  for  \Q<X/^Cd  .4  <  80  for  three  rates  of 
mass  addition.  From  these  studies,  we  have  deter¬ 
mined  a  quantitative  relationship  between  the  rate 
of  mass  addition  and  the  wake  velocity  for  condi¬ 
tions  where  the  boundary  layer  over  the  cone  is 
fully  turbulent.  The  profile  measurements  demon¬ 
strated  that  the  viscous  wake  did  not  increase  sig¬ 
nificantly  in  size  with  mass  addition,  and  that 
“wake  narrowing”  may  result  from  fluid  dynamic 
as  well  as  electromagnetic  phenomena. 

1.  Introduction 

At  altitudes  below  those  where  the  boundary- 
layer  over  a  vehicle  is  transitional  or  turbulent,  the 
turbulent  diffusion  in  the  near  wake  does  not  obey 
the  simple,  self-similar  mixing  model  suggested  by 
Townsend.’  Such  a  model  was  used  successfully 
by  Lees  and  Hromas^  to  describe  the  structure  of 
the  near  and  far  wakes  of  a  body  immersed  in  a 
fully  laminar  boundary  layer.  The  major  problem, 
as  far  as  theoretical  treatment  of  the  low-altitude 
wake  IS  concerned,  is  that  an  acceptable  frame¬ 
work  for  modeling  the  development  of  turbulence 
through  the  base  wake  and  into  the  near  wake 
does  not  exist  in  hypersonic,  high  Reynolds  num¬ 
ber  flows.  Also,  in  these  flows,  the  momentum  de¬ 
posited  into  the  wake  from  the  ablating  surface  of 
a  reentry  vehicle  can  be  considerably  larger  than 


the  momentum  defect  resulting  from  the  drag  of 
the  body;  consequently,  the  structure  of  both  the 
mean  and  fluctuating  flowfields  could  be  signifi¬ 
cantly  modified  by  mass  addition. 

Describing  the  development  of  the  turbulent 
wake  from  4  to  100  body  diameters  behind  slen¬ 
der  reentry  vehicles  at  low  altitudes  is  a  key  prob¬ 
lem  for  those  interested  in  near-wake  analysis. 
While  a  knowledge  of  the  turbulence  development 
over  the  body  and  in  the  base  region  is  important 
(as  it  controls  the  initial  conditions) .  the  change  in 
fluid  mechanics  of  the  near  wake  region  as  the 
boundary  layer  over  the  vehicle  changes  from 
laminar  to  turbulent  remains  to  be  satisfactorily- 
explained.  If  large-scale  disturbances  can  be  sta¬ 
bilized  and  the  initial  turbulent  scale  size  across 
the  near  wake  is  typically  that  of  the  cone  bound¬ 
ary'  layer,  then  Finson^  predicts  a  decreased  wake 
diffusion  consistent  with  experimental  evidence. 
The  length  of  this  region  of  decreased  diffusion 
will  depend  on  the  turbulence  modeling,  while  the 
magnitude  of  the  axial  wake  velocity  will  depend 
on  an  accurate  calculation  of  the  width  and  mean 
propenies  at  the  beginning  of  the  turbulent  wake. 
On  both  counts,  experimental  measurements  are 
required  to  assist  in  modeling  those  regions  and  to 
provide  data  against  which  the  models  can  be  ex¬ 
amined. 

It  is  clear  that  sharp,  non-ablating  models 
provide  wakes  that  are  less  complex  and.  hence, 
make  the  most  suitable  comparison  with  theory. 
In  most  practical  situations,  however,  cone  rough¬ 
ness.  nose-tip  bluntness,  and  mass  ablation  sig¬ 
nificantly  influence  the  structure  and  development 
of  the  near  wake.  It  is  the  interrelationship  be¬ 
tween  these  effects  and  the  near  wake  velocity 
that  is  most  easily  investigated  m  a  wind  tunnel 
program.  The  Mach  number  and  Reynolds  num¬ 
ber  conditions  at  which  turbulent  boundary  layers 
are  formed  on  vehicles  traveling  at  reentry-  veloci¬ 
ties  can  be  duplicated  in  the  Calspan  96-lnch 
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Shock  Tunnel.  We  can  also  cover  the  range  of  the 
mass  blowing  parameter  {2m)/{QuA)  from  the  low 
ablators,  such  as  graphite  and  carbon  phenolic,  to 
the  high  ablators,  such  as  Teflon  and  asbestos 
phenolic.  Here,  we  have  the  advantage  of  being 
able  to  vary  the  rate  of  mass  addition  from  the 
surface  of  the  cone  independently  of  the  position 
of  transition  on  the  cone  and  the  velocity  of  the 
freestream. 

In  the  experimental  studies  described  in  the 
following  sections,  measurements  were  made  to 
investigate  the  structure  and  properties  of  the  tur¬ 
bulent  near  wake  of  a  slender  cone  for  freestream 
conditions  under  which  a  turbulent  boundary- 
layer  is  developed  over  the  model  surface.  Con¬ 
trolled  amounts  of  mass  were  added  into  the  flow 
from  the  conical  surface  of  the  model.  The  studies 
were  conducted  at  Mach  11  and  13  for  a  range  of 
mass  injection  rates  that  covered  the  range  that 
can  be  anticipated  under  flight  conditions.  In  the 
following  section,  we  describe  the  test  program, 
the  model  and  survey  rake  instrumentation,  and 
other  diagnostic  techniques.  The  results  of  the  ex¬ 
perimental  studies  are  then  discussed,  compared 
with  measurements  made  in  earlier  studies,  and 
used  to  determine  the  effect  of  mass  addition  on 
the  centerline  velocity  and  the  turbulent  wake  de¬ 
velopment. 

2.  Experimentnl  Procram 

Utilizing  the  capabilities  of  the  96-lnch 
Shock  Tunnel  at  high  Mach  number,  we  can  gen¬ 
erate  the  Reynolds  numbers  required  to  obtain  a 
fully  tuibulent  boundary  layer  over  the  model. 
The  mass  addition  to  the  wake  from  surface 
ablation  can  be  simulated  by  injecting  gas  through 
the  porous  conical  surface  of  the  model.  CO2  can 
be  used  as  an  injectant  to  simulate  ablation  prod¬ 
ucts,  as  its  molecular  weight  is  typical  of  the  aver¬ 
age  of  those  of  the  ablation  products.  The 
mass-addition  rates  from  the  conical  model  were 
selected  so  that  they  spanned  the  range  from  light 
to  heav-y  reentry-vehicle  ablation  rates 
(0  <  (2a)i)/(p,U.A,)  <  0.008).  Typical  free¬ 
stream  conditions  for  the  Mach  11  and  13  test 
conditions  are  shown  in  Table  1.  The  sharp  8° 
half-angle  cone  used  m  the  experimental  study- 
had  a  base  diameter  of  10  inches,  so,  when  tested 
in  the  48-inch  contoured  nozzle  of  the  shock  tun¬ 
nel,  the  model  allowed  us  to  measure  profiles  up 
to  80  drag  d;a:'..eiers  behind  ’.he  body.  The  test 
matrix  employed  in  this  program  is  shown  in  Table 


II.  Earlier  studies  at  Calspan  and  at  TRW^  have 
indicated  that  the  wall-to-freestream  stagnation 
temperature  ratio  of  the  model  may  have  an  im¬ 
portant  effect  on  wake  velocity.  For  this  reason, 
this  ratio  was  held  between  0.15  and  0.18,  closely 
matching  the  ratios  found  in  full-scale  flight  tests. 

2.1  Model  and  Instnimentation 

2.1.1  Mass-Addition  Model 

To  simulate  the  flow  over  an  ablating  reentry 
vehicle,  we  designed  and  constructed  a  model 
from  which  mass  can  be  injected  through  the 
conical  surface  from  a  self-contained  reservoi, 
within  the  model.  A  schematic  diagram  and  pho¬ 
tographs  of  the  model,  the  model  assembly,  and 
the  model  suspended  in  the  96-Inch  Shock  Tun¬ 
nel  are  show-n  in  Figures  1  and  2.  The  mass  is 
injected  from  the  surface  of  the  cone,  beginning 
dow-nstream  of  the  point  at  which  a  fully  devel¬ 
oped  turbulent  boundary-  layer  flow  is  established 
over  the  model  under  high  Reynolds  number  con¬ 
ditions  at  both  Mach  11  and  Mach  13.  The  model 
is  constructed  in  two  parts:  an  inner  reservoir  and 
valve  assembly,  and  an  outer  conical  shell  through 
which  *he  gas  is  ejected.  The  gas  contained  in  the 
reservoir  is  released  through  a  pair  of  fast-acting 
“Valcor”  valves,  which  are  connected  through  a 
system  of  metered  orifices  to  chambers  formed  in 
the  annulus  between  the  reservoir  and  the  outer 
porous  shell.  The  pressures  in  the  reservoir,  across 
the  choked  orifices,  and  in  the  chambers  were 
monitored  to  proside  information  on  flow-  estab¬ 
lishment  and  mass  flow  rate  through  the  model. 
By  controlling  the  flow  through  the  orifices,  we 
can  simulate  the  rates  of  ablation  [lm)/{QuA) 
from  beryllium  to  Teflon-coated  vehicles  at  high 
and  low  altitudes  from  Mach  8  to  15.  Equilibrium 
flow  of  the  injectant  is  established  through  the 
model  in  less  than  5  milliseconds;  so,  when  the 
Valcor  valves  are  triggered  from  an  acceleration 
swatch  located  on  the  driver,  steady  mass  flow  has 
been  established  through  the  surface  of  the  cone  5 
milliseconds  before  tunnel  flow  establishment.  For 
experiments  performed  in  this  sequence,  the  time 
to  establish  the  recirculation  region  and  wake  is 
independent  of  mass  addition. 

2.1.2  Survey  Rake  Instrumentation 

The  survey  rake  shown  in  Figures  2  and  3 
contains  five  types  of  probes:  total  temperature, 
pitot  pressure,  static  pressure,  thin-film  heat 
transfer,  and  mass  (gas)  sampling.  In  the  present 


studies,  we  used  the  pitot  and  static  pressure 
gages,  total  temperature  and  thin-film  gages,  and 
gas-sampling  probes  to  obtain  the  mean  proper¬ 
ties  of  the  wake. 

2.1.3  Pitot  and  Static  Pressure  Gages 

The  pitot  pressure  gages  used  in  the  survey 
rake  were  constructed  using  a  quartz  crystal 
mounted  to  a  diaphragm  with  a  sensitive  area  of 
less  than  0.01  square  inch.  The  transducer  is  sup- 
poned  in  a  probe  0.125  inch  in  diameter.  The 
basic  calibration  of  the  pitot  probe  yields  topical 
accuracies  of  ±2%,  which,  combined  with  record¬ 
ing  errors,  lead  to  potential  errors  of  ±6%  in  the 
mean  value. 

Five  static  pressure  gages  were  used  in  the 
present  study  to  measure  the  mean  variation  of 
static  pressure  in  the  wake  along  and  perpendicu¬ 
lar  to  the  axis  of  symmetry.  Each  gage,  shown  in 
Figure  3,  is  constructed  by  placing  a  small  static 
pressure  head  over  a  Calspan  1 /8-inch  piezoelec¬ 
tric  pressure  transducer. 

2.1.4  Platinum  Thin-Film  Gages 

Each  thin-film  gage,  shown  in  Figure  3,  is 
formed  by  depositing  a  thin  platinum  film  hating 
dimensions  of  0.03  inch  by  0.002  inch  in  the  stag¬ 
nation  region  of  a  quartz  hemisphere  cylinder,  0.1 
inch  in  diameter.  The  gages  used  in  the  present 
study  are  coated  with  a  0.1-micron  layer  of  mag¬ 
nesium  fluoride  to  improve  their  abrasion  charac¬ 
teristics.  These  gages  have  a  frequency  response 
of  up  to  1  MHz,  so  they  are  ideal  to  measure  the 
intermittency  of  the  flow,  thus  enabling  the 
boundaries  of  the  turbulent  wake  to  be  identified. 
Outside  the  wake  boundaries,  the  mean  output  of 
the  thin  film  was  related  directly  to  the  stagnation 
temperature  of  the  flow,  thus  enabling  us  to  check 
the  total  temperature  observations  made  with  total 
temperature  gages. 

2.1.5  Total  Temperature  Gages 

Each  total  temperature  gage  used  in  the  ex¬ 
perimental  program  is  a  resistance  thermometer, 
constructed  by  suspending  a  tungsten  wire  be¬ 
tween  two  steel  needles  mounted  0.030  to  0.040 
inch  apart.  In  our  earlier  tests,  we  found  that  it 
was  necessary  to  employ  tungsten  wires  0.0002 
inch  in  thickness  to  ensure  survival  in  our  severe 
dynamic  pressure  environment.  However,  further 
development  testing  has  resulted  in  a  design  with 
0.0001 -inch  tungsten  wire,  spot-welded  to  the 
needles  and  strengthened  at  each  junction  by 


electroplating  copper  between  the  tungsten  wire 
and  its  supports. 

2.1.6  Gas-Samnling  Measurements 

The  gas-sampling  probes  used  to  measure 
the  concentration  of  injectant  across  the  wake 
were  originally  developed  in  support  of  air- 
breathing  propulsion  diagnostics.  Each  probe, 
shown  in  Figure  4,  takes  a  direct  sample  of  the  gas 
flow  in  which  it  is  placed,  so  that  the  composition 
of  this  sample  can  be  determined  later  by  mass- 
spectroscopic  techniques.  The  gas  sampler  opens 
at  a  preselected  time  during  the  steady  test  flow 
and  remains  open  for  a  period  of  2  milliseconds, 
or  less,  to  collect  a  6cc  sample.  To  prevent  dilu¬ 
tion  of  the  sample,  the  probes  and  sample  bottles 
are  evacuated  prior  to  the  run.  The  relative  con¬ 
centrations  of  Nz  (the  freestream  gas)  and  CO; 
(the  injected  gas)  were  determined  using  the 
mass-spectrometer  rig  assembled  for  this  purpose 
and  shown  in  Figure  5. 

3.  Discussion  of  Experimental  MeasuremenUi 
3.1  Measurements  on  Conical  Model 

Measurements  of  heat  transfer  and  pressure 
were  made  on  the  conical  surface  and  in  the  base 
region  of  the  sharp  8 “-conical.  lO-inch-base-di- 
ameter  models.  Pressure  transducers  mounted  in 
the  reservoir  and  across  the  choked  orifices  in  the 
mass-addition  model  were  used  to  set  up  and 
monitor  the  injection  of  mass  through  the  orifices 
in  the  cone  surface.  The  relationships  between 
mass-addition  rates  and  the  reservoir  and  orifice 
pressures  were  determined  prior  to  the  major  tun¬ 
nel  program.  Here,  the  mass-addition  model  was 
placed  in  a  reservoir  of  known  volume,  and  the 
mass-addition  rate  to  this  volume  was  determined 
from  observations  of  the  time  history  of  the  reser¬ 
voir  pressure.  The  heat  transfer  measurements 
(using  thin-film  gages)  on  the  surface  of  the  cone 
demonstrated  that,  at  both  Mach  11  and  Mach 
13,  transition  was  completed  within  259c  of  the 
wetted  cone  length;  thus,  the  momentum  defect  in 
the  turbulent  boundary  layer  at  the  base  of  the 
cone  was  within  95%  of  the  fully  turbulent  value. 

The  measurements  of  base  pressure  made  at 
Mach  11  and  13  in  the  absence  of  mass  addition 
can,  in  Figure  6,  be  seen  to  be  in  good  agreement 
with  flight  measurements  and  correlations  ob¬ 
tained  earlier  by  Cassanto.^  These  measurements 
strongly  support  the  contention  that  the  shear 
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layer  in  the  base  wake  retains  fully  turbulent  char¬ 
acteristics  at  the  wake  neck.  The  increase  in  base 
pressure  with  mass-addition  rate  from  the  cone 
surface,  found  in  the  present  experimental  stud¬ 
ies,  has  also  been  observed  in  flight  tests,  as  re- 
poned  by  Cassanto®  and  Batt.^  These  observations 
are  presented  in  Figure  7.  The  increase  in  base 
pressure  with  mass  addition  is  a  consequence  of 
the  modification  by  mass  addition  of  the  momen¬ 
tum  distribution  close  to  the  dividing  streamline  in 
the  shear  layer.  Here,  the  Chapman-Korst  rela¬ 
tionship  would  predict  a  decrease  in  the  pressure 
rise  at  the  wake  stagnation  point  and,  hence,  an 
increase  in  base  pressure.  The  studies  by  both 
Cassanto  and  Batt  indicate  that  a  pressure  gradi¬ 
ent  exists  across  the  base  of  the  models,  and 
measurements  made  at  Calspan®  support  these  ob¬ 
servations. 

3.2  Measurements  in  the  Near  Wake 

Measurements  of  pitot  and  static  pressure, 
total  temperature,  species  concentration,  and  total 
heat  transfer  were  made  across  the  wake  behind 
the  cone  model  at  a  series  of  dowTtstream  stations 
between  10  and  80  drag  diameters  behind  the 
base.  Table  II  shows  a  diagram  of  the  test  matrix. 
The  measurements  of  pitot  pressure,  static  pres¬ 
sure,  temperature,  and  relative  C02/N;Concentra- 
tions  at  each  point  in  the  wake  were  combined  to 
yield  the  velocity  defect  along  and  normal  to  the 
wake  axis.  The  fluctuating  outputs  from  the  thin- 
film  (total  heat  transfer)  gages  were  examined  to 
protide  a  measure  of  the  turbulent  wake  width. 

3.3  Measurements  Without  Mass  Addition 

The  measurements  of  the  velocity  defect 
made  at  Mach  11  and  13  for  flows  without  mass 
addition  are  compared,  in  Figure  8,  with  the  cor¬ 
responding  measurements  made  in  an  earlier 
study  behind  a  sharp  8°  cone  with  a  base  diame¬ 
ter  of  6.7  inches.  The  good  agreement  between 
these  measurements  reaffirmed  the  choice  of 
X/ JCd  A  as  a  parameter  of  key  importance  in 
correlating  velocity  measurements  behind  vehicles 
of  different  sizes.  The  agreement  between  the  lev¬ 
els  of  velocity  defect  in  the  wakes  at  .Mach  1 1  and 
13  is  to  some  extent  fortuitous.  In  developing  the 
maximum  Reynolds  number  at  each  test  condi¬ 
tion.  we  operated  the  tunnel  such  that 
{Jcone/TstagmatIOS)  ''■as  slightly  larger  at 
Mach  11  than  at  Mach  13.  Our  current  under¬ 
standing  of  the  problem  suggests  that  this  would 
tend  to  bring  the  velocity  measurements  at  Mach 
1 1  and  13  closer  together  than  would  be  the  case 


{Tcone /Tstagnation)'^^^^  held  constant.  It  is 
clear  that  the  velocity  decay  in  the  wake  under 
conditions  where  the  boundary  layer  over  the 
cone  is  turbulent  is  significantly  less  than  the  2/3 
law  predicted  by  the  Lees-Hromas  theory  for 
laminar  boundary  layer  conditions  over  the  cone, 
and  shown  by  earlier  wind  tunnel  measurements 
at  lower  Mach  number  and  Reynolds  number  con¬ 
ditions. 

3.4  Measurement*:  With  Mass  Addition 

The  structure  and  development  of  the  wake 
was  examined  for  values  of  the  mass-addition  pa¬ 
rameter  (2m)/(puA)  of  0,  0.04,  and  0.08,  which 
correspond  to  the  nominal  ablation  rates  from  ve¬ 
hicles  coated  with  graphite,  silica  phenolic,  and 
Teflon,  respectively,  and  traveling  at  reentry  ve¬ 
locities.  However,  the  main  intent  was  to  examine 
how  mass  addition  affects  the  centerline  velocity 
and  the  structure  of  the  near  wake.  In  fact,  the 
experiments  were  performed  at  conditions  close  to 
those  encountered  in  reentry. 

The  measurements  of  axial  variations  of 
pitot  pressure  and  total  temperature  are  shown  in 
Figures  9  and  10  for  the  three  levels  of  mass  addi¬ 
tion.  We  see  that  increasing  the  mass-addition 
rate  decreases  both  the  total  temperature  and  the 
pitot  pressure  on  the  wake  axis.  These  measure¬ 
ments  also  exhibit  a  decrease  in  the  axial  gradi¬ 
ents  of  properties  with  increased  mass  addition. 
Both  of  these  observations,  we  will  see  later,  are 
reflected  in  marked  changes  in  the  magnitude  of 
the  axis  velocity. 

A  typical  development  of  the  pitot  pressure 
profile  with  dowTistream  distance  is  showTi  in  Fig¬ 
ure  11.  Here,  the  position  of  the  wake  shock  is 
well  defined  close  to  the  body  but  becomes  more 
diffuse  with  dowmstream  distance.  WTiile  the  wake 
shock  is  moved' out  by  mass  addition,  the  increase 
in  wake  width  is  insufficient  to  account  for  the  in¬ 
crease  in  momentum  defect  resulting  from  mass 
addition.  Consequently,  an  increase  in  the  veloc¬ 
ity  defect  must  occur. 

The  development  of  the  velocity  profile  with 
downstream  distance  is  shown  in  Figure  12  for  a 
condition  without  mass  addition.  Here,  W'e  have 
determined  the  edge  of  the  viscous  wake  with  the 
aid  of  the  fluctuation  measurements  made  with 
the  thin-film  gages.  We  see  that  the  non-dimen- 
sionalized  profiles  become  measurably  "fuller” 
with  downstream  distance.  This  non-similar  de¬ 
velopment  is  at  variance  witn  tlie  current  wake 
models,  and  our  measurements  suggest  that  this 
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non-similar  development  is  an  inherent  feature  of 
turbulent  wakes  at  high  Reynolds  numbers. 

A  unique  series  of  wake  measurements 
made  in  the  present  program  were  those  obtained 
with  the  concentration  (gas-sampling)  probes.  A 
i>pical  set  of  concentration  measurements  depict¬ 
ing  the  development  of  the  distribution  across  the 
wake  is  showm  in  Figure  13.  These  measurements, 
made  at  Mach  11.3  for  {2m)/{QuA)  =  0.085, 
demonstrate  that  the  diffusion  of  the  injectant 
does  not  occur  in  a  self-similar  fashion.  The  rapid 
mixing  that  occurs  at  the  outer  edge  of  the  wake 
causes  a  rapid  dilution  of  the  COj .  WTiile  the  mass 
flux  at  the  edge  of  the  wake  is  significantly  larger 
than  the  axis  value,  this  effect  alone  is  insufficient 
to  produce  the  rapid  dilution  observed.  If  the  ab¬ 
lation  material  covering  a  reentry  vehicle  influ¬ 
ences  the  electron  concentration  in  the  wake,  the 
fluid  dynamic  effect  described  above  may  itself  af¬ 
fect  the  wake  velocity  to  produce  an  effective 
wake  narrowing.  The  effective  fluid  dynamic  wake 
narrowing  described  above  and  the  non-similar 
development  of  the  velocity  profiles  may  combine 
to  yield  an  axial  distribution  of  wake  velocity  very 
different  from  the  equivalent  distribution  for  lami¬ 
nar  flow  over  the  cone. 

The  measurements  of  the  variation  of  cen¬ 
terline  velocity  with  douTistream  distance  and 
mass-addition  level  made  at  Mach  11  and  Mach 
13  are  shown  in  Figure  14a  and  Figure  14b.  re¬ 
spectively.  We  see  that  mass  addition  from  the 
cone  surface  causes  a  significant  increase  in  the 
axial  wake  velocity  defect.  Mass  addition  also  de¬ 
creases  the  rate  at  which  the  velocity  defect 
decays  with  downstream  distance.  The  measure¬ 
ments  at  Mach  11  and  13  are  compared  in  Figure 
15,  and  we  see  that  both  the  absolute  velocity  and 
the  rate  of  velocity  decav  do  not  appear  to  be 
strongly  influenced  by  Mach  number. 

The  variation  of  centerline  velocity  defect 
with  the  momentum  defect  in  the  wake 
(Cj  +  (Im) / {ouA))  is  shown  for  Mach  11  and  for 
Mach  13  in  Figure  16  and  Figure  17,  respectively. 
We  see  that,  at  a  given  distance  behind  the  body, 
the  velocity  defect  increases  uniformly  with  mass 
addition.  WTile  the  velocity  defect  is  largest  close 
to  the  body,  the  observed  trend  appears  relatively 
independent  of  downstream  position  or  Mach 
number. 

A  major  objective  of  the  present  program 
was  to  determine  the  magnitude  of  and  mecha¬ 
nisms  associated  with  the  increase  in  fluid  dy¬ 
namic  wake  velocitt  with  mass  addition.  We  are 


interested  in  the  increase  in  velocity  that  occurs 
with  the  addition  of  mass  through  an  initially  tur¬ 
bulent  boundary  layer.  Even  of  greater  interest  is 
the  velocity  jump  that  occurs  in  the  wake  as  the 
boundary  layer  over  the  vehicle  goes  from  laminar 
to  turbulent  with  mass  addition,  for  this  is  the  ve¬ 
locity  jump  of  greatest  relevance  to  those  inter¬ 
ested  in  reentry.  The  velocity  defect  jump  ratio 

{Vmass  addition /^turb)  determined  from  the 
measurements  with  and  without  mass  addition  for 
a  condition  that  induces  turbulent  boundary  layers 
over  the  model  is  shown  in  Figure  18.  We  see  that 
this  ratio  is  strongly  dependent  on  mass-addition 
rate  and  relatively  independent  of  downstream 
distance  and  Mach  number.  The  centerline  veloc¬ 
ity  defect  jump  ratio  from  laminar  to  turbulent 
with  mass  addition,  calculated  with  the  aid  of 
measurements  made  in  our  earlier  test  program,  is 
presented  in  Figure  19.  Also  shown  are  calcula¬ 
tions  from  the  semi-empirical  method  presented 
by  Holden  in  an  earlier  test  program.  We  see  that 
a  velocity  jump  by  as  much  as  a  factor  of  5  can 
occur  for  high  levels  of  mass  ablation.  While  the 
prediction  method  overpredicted  the  turbulent- 
to-turbulent-with-mass-addition  jump,  it  is  in 
good  agreement  with  the  velocity  jump  shown  in 
Figure  19.  We  believe  that  these  results  re-em- 
phasize  the  importance  of  the  fluid  dynamics  in 
the  phenomenology  of  low-altitude  wakes. 

4.  Conclusion^ 

Experimental  studies  have  been  successfully 
conducted  to  determine  the  effect  of  mass  addi¬ 
tion  on  the  properties  of  the  turbulent  wake. 
Measurements  in  the  wake  at  stations 
15  <X/  ^Cd  a  <  80  have  been  made  for  values  of 
the  mass-addition  parameter  [Irh) / {quA)  from  0 
to  0.08.  The  measurements  have  suggested  a 
strong  relationship  between  wake  velocity  and 
mass  addition.  Our  studies  suggest  that  the  in¬ 
crease  in  the  wake  velocity  may  result  both  from 
the  direct  increase  in  this  velocity  with  mass  addi¬ 
tion  and  from  fluid  dynamic  effects  that  tend  to 
“weight”  the  velocities  at  the  wake  center. 

Nomenclature 

A  Base  Area 

Cd  Drag  Coefficient 

Cf  Skin  Friction  on  Cone 

H  Total  Enthalpy 


M  Mach  Number 

Mi  Incident  Mach  Number 

m  Mass-Addition  Rate/Unit  Area 

P  Pressure 

Pb  Base  Pressure 

P'  Static  Pressure  Fluctuation 

Po'  Pitot  Pressure 

Q,  q  Dynamic  Pressure 

R  Base  Radius 

Relft  Unit  Reynolds  Number 

Reynolds  Number  at  Diameter 
r  Radial  Dimension 

T  Temperature 

U,  Li  Velocity 

L'b  Base  Velocity 

i'e  Local  Velocity  on  Cone 

I' r  \'elociiy  Outside  Wake 

r  Velocity 

^.U-i55  ADDITIOS  Mass- Addition  Velocity 
^  Ti'RB  Turbulent  N'elocity  Conditions 
.V  Wake  Length 

>u  Wake  Width 

GREEK  SYMBOLS 
AL  =  I’.-i 

H  Viscosity 

Q  Density 

SUBSCRIPTS 

0  Under  Stagnation  Conditions 

COSE  Conditions  Over  Cone 

L  Under  Laminar  Conditions 

MASS  Under  Mass-Addition  Conditions 

SO  MASS  Without  Mass  Addition 
STAGS ATIOS  Under  Stagnation  Conditions 


T  Under  Turbulent  Conditions 

w  At-Wall  Conditions 

^  Centerline  Value 

oc  Freestream  Value 
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Figure  1.  Mass-aUddion  model 


Figure  5.  Mass-spectrometer  apparatus 


Figure  6  Conrlalion  rf  base  pressure  mcasurcnients 
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Figure  7.  Base  pressure  variation  with  n: 
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Figure  9a.  Variation  of  pitot  ^essure  on  axis 
with  X^  CdA  and  m  at  mach  11.3 
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Figure  8.  Comparison  between  velocity 
measurements  made  behind 
6.7-inch-diameter  and  10-inch- 
diameter  cones 
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Figure  9b.  Variation  of  pitot  pressure  on  axis 
with  xJCpA  and  m  at  mach  13 
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Figure  10b.  Variation  of  total  temp^ature  on 
axis  with  xJCdA  and  m  at 
mach  13 
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Figure  11b.  Variation  of  pitot  pressure  distri 
button  whh  downstream  dis¬ 
tance,  m  =  0.045 


Figure  12.  Development  of  velocity  profile 
with  downstream  distance 
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Figure  13.  Radial  distribution  of  CO2  con¬ 
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Figure  19.  Velocity  jump  from  laminar  to 
turbulent  boundary  layers  with 
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Abstract 

An  experimental  study  in  which  surface 
and  flowfield  measurements  were  made  has  been 
conducted  to  examine  the  structure  of  turbulent 
flow  separation  over  large  cone/flare  configura¬ 
tions.  This  study  was  conducted  in  Calspan’s 
96-Inch  Shock  Tunnel,  at  Mach  numbers  of  11, 
13  and  16,  and  at  Reynolds  numbers  up  to  100  x 
10®.  Surface  heat  transfer  and  pressure  measure¬ 
ments  were  made  in  attached  and  separated  flows 
at  the  cone/flare  junction  for  30®  and  36®  flare 
angles.  Flowfield  surveys  were  made  in  the  sepa¬ 
rated  region  with  pitot  pressure  and  total  tempera¬ 
ture  rakes.  Holographic  inteferometry  and 
Schlieren  photography  were  used  to  obtain  details 
of  the  flowfield  structure.  This  study  suggests 
that,  in  hypersonic  flow,  the  separation  region  ex¬ 
tends  only  a  very  small  fracuon  of  the  boundary 
layer  thickness  and  is  a  highly  unsteady  process. 
Only  by  employing  instrumentation  with  frequency 
response  high  enough  to  follow  the  unsteady 
movement  of  the  separation  shock  is  it  possible  to 
determine  the  fundamental  structure  of  flow  sepa- 
rauon  in  turbulent  hypersonic  flows. 

1.  Introduction 

The  emergence  of  advanced  high-speed 
computing  capabilities  and  numerical  techniques, 
coupled  with  major  increases  in  the  need  for  nu¬ 
merical  solutions  to  the  full  and  reduced  Navier- 
Stokes  equations,  has  resulted  in  a  refocusing  of 
both  pure  and  applied  experimental  research.  Di¬ 
rect  experimental  simulation  of  complete  aerody¬ 
namic  configurations  has  in  the  past  been  the 
backbone  of  design  efforts  for  new  aerospace  ve¬ 
hicles.  However,  recent  applied  expenmenul  re¬ 
search  has  been  mcreasingly  directed  toward 
acquiring  more  detailed  measurements  on  seg¬ 
ments  of  such  configurations  for  code  “validation" 
purposes.  This  is  pamcularly  true  for  hypersomc 


vehicle  design,  where  complete  experimental 
simulation  is  difficult  above  Mach  13.  Likewise,  in 
pure  research,  the  role  of  recent  experiments  has 
been  increasingly  one  of  providing  insight  into  the 
macroscopic  modeling  of  the  flow  (e.g.,  rurbu- 
lence  modeling)  rather  than  as  a  means  of  con¬ 
structing  and  validating  gross  flowfield  models.  In 
both  cases,  there  is  an  increasing  emphasis  on  the 
determination  of  flowfield  properties,  which,  in 
mt.;.y  cases,  provides  the  more  direct  and  defini¬ 
tive  evaluation  of  the  modeling  employed  in  the 
codes.  Also,  the  increased  emphasis  on  turbulent 
interacting  and  separated  flows  has  resulted  in  a 
key  need  for  time-resolved  measurements  over  a 
broad  frequency  range.  These  requirements  place 
a  premium  on  flow  quality  and  duration  of  tests, 
as  well  as  on  sophisticated  high-frequency  surface 
and  flowfield  instrumentation. 

Recently,  intense  use  of  numerical  solutions 
of  full  or  reduced  time-averaged  Navier-Stokes 
equations  has  resulted  in  significant  progress  in 
the  development  of  efficient  and  stable  numerical 
algorithms  and  in  greater  understanding  of  grid- 
ding  techniques.  However,  little  real  progress  has 
been  made  in  developing  the  fluid  mechanical 
models  required  for  these  codes.  In  many  in¬ 
stances,  the  phenomena  of  greatest  imponance  in 
the  aerothermal  design  of  advanced  vehicles  are 
also  the  most  difficult  to  model  in  the  codes.  The 
aerothermal  loading  and  flowfield  distortion  that 
often  accompany  regions  of  viscous/inviscid  inter¬ 
action  in  hypersonic  flow  present  some  of  the 
most  important  and  difficult  problems  for  both  the 
designer  and  the  predictor.  Compressibility  ef¬ 
fects,  shock/turbulence  interaction,  and  the  gross 
instabilities  associated  with  separated  flows  must 
also  be  studied.  In  hypersonic  flows,  modeling  of 
turbulence  in  regions  of  strong  pressure  gradients, 
embedded  shocks,  and  separated  flow  is  a  key 
problem. 


*  This  work  was  supported  by  the  U.S.  Air  Force  under  AFOSR  Contract  No.  AFOSR-88-0223.  This 
paper  is  declared  a  work  of  the  U.S.  Government  and  is  not  subject  to  copyright  protection  in  the 
United  States. 
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To  provide  the  information  required  to 
construct  and  verify  the  turbulence  models  used  in 
the  codes,  flowfield  measurements  and  direct 
measurements  of  skin  friction  and  heat  transfer 
must  be  obtained.  Surface  pressure  data  provide 
little  information  to  validate  codes  and  do  not 
provide  insight  for  turbulence  modeling.  To  un¬ 
derstand  the  structure  of  hypersonic  turbulent 
boundary  layers  and  shear  layers  as  well  as  bound¬ 
ary  layer  separation  in  regions  of  shock  wave/ 
boundary  layer  interaction,  we  must  understand 
the  structure  of  the  flow  at  the  base  of  the  bound¬ 
ary  layer  (at  the  wall  and  sublayer  of  the  turbulent 
flow).  For  separated  flows,  such  measurements 
can  be  made  only  with  nonintrusive  techniques 
with  high  spatial  resolution  on  large  models.  As 
difficult  as  it  is  to  make  such  measurements  in 
high-enthalpy  hypersonic  flows,  only  by  obtaining 
both  the  mean  and  fluctuating  components  of 
these  flows  can  sufficient  evidence  be  obtained  to 
construct  meaningful  models  of  inese  flows. 

For  the  last  four  years,  we  have  embarked 
upon  a  program  to  design,  develop,  and  construct 
the  experimental  tools  required  to:  (i)  make  mean 
and  fluctuating  surface  and  flowfield  measure¬ 
ments,  and  (li)  pro\ide  the  insight  and  model  vali¬ 
dation  required  to  develop  detailed  numerical 
solutions  that  would  form  the  basis  for  future  pre¬ 
dictive  capabilities.  We  have  also  pursued  design 
studies  and  a  shock  tunnel  modification  program 
to  pro\ide  a  lest  capability  tailored  to  generate 
flows  of  the  highest  quality  and  duration  for  fun¬ 
damental  studies  of  turbulent  hypersonic  flows. 
Instrumentation  already  developed  includes  mini¬ 
ature  pitot  pressure  and  total  temperature  probes 
for  high-enthalpy,  high  Reynolds  number  flows, 
and  a  range  of  unique  surface  instrumentation. 
Two  flowfield  measurement  techniques  have  also 
been  developed  specifically  for  shock  tunnel  stud¬ 
ies  of  high  Reymolds  number  hypersonic  flows. 
Electron-beam  fluorescence  instrumentation  was 
developed  specifically  to  make  mean  and  fluctuat¬ 
ing  density  measurements  in  turbulent  boundary 
layers  at  pressures  up  to  100  torr.  Holographic 
interferometry  techniques  are  being  developed  to 
measure  flowfields  in  complex  shock  interaction 
regions.  Presently,  we  are  constructing  and  testing 
a  series  of  unique  models  that  will  enable  us  to 
develop  and  explore  the  flow  phenomena  that  we 
believe  are  central  to  developing  prediction  tech¬ 
niques  that  accurately  describe  complex  interact¬ 
ing  turbulent  flows,  with  embedded  separated 
regions. 


This  paper  describes  a  program  of  experi¬ 
mental  research  to  examine  the  mean  and  fluctu¬ 
ating  boundary  and  shear  layer  structures  in 
regions  of  strong  pressure  gradient  and  flow  sepa¬ 
ration  over  models  in  hypersonic  flows.  Section  2 
describes  the  objective  and  design  of  the  experi¬ 
mental  program,  and  the  facilities,  test  conditions, 
models,  and  instrumentation  used  in  the  study. 
The  results  of  the  preliminary  study  are  described 
in  Section  3.  In  Section  4,  we  discuss  the  design  of 
our  current  program.  The  conclusions  of  the  pre¬ 
liminary  study  are  summarized  in  Section  5. 

2.  Experimental  Program 

2.1  Program  Objectives  and  Design  of  the 

Experimental  Study 

The  major  objective  of  this  study  was  to  de¬ 
velop  and  use  models  and  instrumentation  to  ob¬ 
tain  detailed  measurements  of  the  profile 
characteristics  of  a  turbulent  boundary  layer 
ahead  of  and  through  regions  of  flow  separation 
induced  by  shock  wave/boundary  layer  interaction 
over  a  large  cone/flare  configuration.  Such  meas¬ 
urements  are  of  key  importance  in  evaluatir.  the 
theoretical  modeling  of  the  turbulent  separauon 
process  in  hypersonic  flows.  As  discussed  in  the 
introduction,  current  turbulence  models  are  inca¬ 
pable  of  describing  the  complex  development  of 
turbulence  in  regions  of  strong  pressure  gradients 
and  boundary  layer  separation  in  hypersonic  flow. 
For  these  flows,  we  bebeve  that  compressibibty, 
shock/turbulence  interaction,  and  gross  flow  un¬ 
steadiness  are  important  under  hypersonic  highly 
cooled  wall  conditions.  In  hypersonic  high 
Reynolds  number  flows  over  highly  cooled  walls, 
the  “wall  layer,”  in  which  our  earber  studies’  have 
suggested  separation  first  takes  place,  and  which 
conuins  the  principal  information  on  the  charac¬ 
ter  of  the  boundary  layer,  is  very  thin.  Boundary 
layer  thicknesses  of  over  1  inch  are  required  to 
enable  this  layer  to  be  probed  with  the  required 
resolution.  While  turbulent  boundary  layers  origi¬ 
nating  on  the  waUs  of  hypersonic  nozzles  have 
been  used  as  sources  of  thick  turbulent  boundary 
layers  in  experimental  studies,  it  has  been  shown 
that  significant  turbulent  non-equilibrium  effects 
can  exist  in  these  nozzle  flows®.  The  distortion  of 
the  structure  and  mrbulent  characteristics  of  the 
boundary  layer  generaicd  through  the  strong  ex¬ 
pansion  in  the  nozzle  can  persist  well  downstream 
of  the  nozzlf  exit  plane  and  can  significantly  influ- 
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ence  the  characteristics  of  a  separating  turbulent 
boundary  layer.'  For  this  reason,  we  elected  to 
perfom'.  a  study  to  examine  the  chara..icristics  of 
the  constant-pressure  turbulent  boundary  layer 
ahead  of  and  in  regions  of  shock  wave/boundary 
layer  interaction  on  a  large  slender  cone/flare 
configuration  in  the  large  contoured  "D”  nozzle  in 
the  Calspan  96-Inch  Shock  Tunnel.  The  tech¬ 
nique  employed  in  the  design  of  the  “D"  nozzle, 
and  indeed  most  contoured  nozzles,  is  such  that 
the  test  core  is  a  cone-shaped  region  of  uniform 
flow  that  originates  well  upstream  of  the  exit 
plane.  Thus,  by  designing  a  conical  model  so  that 
it  can  be  fit  within  this  uniform  conical  region,  it  is 
possible  to  develop  a  constant-pressure  boundary- 
layer  over  a  large  conical  model  that  extends  well 
into  the  contoured  nozzle.  The  ultimate  objective 
of  the  overall  program  is  to  obtain  both  mean  and 
fluctuation  measurements  on  the  surface  and 
across  the  turbulent  layer.  However,  durmg  this 
preliminary  study,  we  concentrated  on  obtaining 
measurements  of  the  mean  properues  across  the 
viscous  layer— more  specifically,  measurements  of 
the  pitot  pressure,  iota!  temperature,  total  heat 
transfer  rate,  and  (using  holographic  int¬ 
erferometry)  the  mean  density  distribution. 


The  experimental  study  was  conducted  in 
the  Calspan  96-Inch  Shock  Tunnel  at  Mach  11, 
13,  and  16  for  Reynolds  numbers  from  30  x  10®  to 
80  X  10®.  Under  these  conditions,  the  boundary- 
layer  is  fully  turbulent  well  upstream  of  the  cone/ 
flare  junction,  and,  as  discussed  in  the  following 
section,  the  measurements  of  heat  transfer  were  in 
good  agreement  with  prediction  techniques  based 
on  a  large  number  of  measurements  on  highly 
cooled  walls  in  high  Reynolds  number  hypersonic 
flows.  The  test  conditions  at  which  the  studies 
were  conducted  are  listed  in  Table  1. 

The  facility  and  its  performance  character¬ 
istics  are  described  in  Reference  3.  The  shock 
tunnel  is  basically  a  “blowdowm  tunnel”  with  a 
shock  compression  heater.  The  96-inch  shock 
tunnel  used  in  this  study  is  shown  in  Figure  la. 
The  operation  of  the  shock  tunnel  in  the  re- 
flected-shock  mode  is  shown  with  the  aid  of  the 
wave  diagram  in  Figure  lb.  The  tunnel  is  started 
by  rupturing  a  double  diaphragm,  permitting  high- 
pressure  helium  in  the  driver  section  to  expand 


Table  1 

TEST  CONDITIONS.  LARGE  CONE 


AIR 

S.'i  .£ 

6.7 

9 

■SEEBHHi 

Af, 

3.345E+00 

3.633E+00 

4.200E+00 

2.635E+00 

Poipsia) 

7.216E+03 

1.760E+04 

1.705E+04 

5.430E+03 

/sec‘) 

1 .825E+07 

2.147E+07 

2.795E+07 

1.287E+07 

To^R) 

2.717E+03 

3.104E+03 

3.875E+03 

1.939E+03 

M 

1.096E+01 

1.301E+01 

1.543E+01 

1.111E+01 

U  {ft /sec) 

5.922E+03 

6.458E+03 

7.404E+03 

4.981 E+03 

1.214E+02 

1 .026E+02 

9.574E+01 

8.065E+01 

p.ipsia) 

9.172E-02 

7.345E-02 

1 .860E-02 

6.698E-02 

q.ipsia^ 

7.721 E+00 

8.712E+00 

3.104E+00 

5.800E+00 

C.(slug/fr) 

6.340E-05 

6.038E-05 

1.631E-05 

6.734E-05 

fi.{slug/fi/ sec) 

1.021E-07 

8.634E-08 

8.054E-08 

6.783E-08 

Re/ft 

3.680E+06 

4.544E+06 

1 .499E+06 

4.945E+06 

Po  {pitot)  ipsia) 

1.431E+01 

1.619E+01 

5.798E+00 

1.070E+01 

into  the  driven  section.  This  generates  a  normal 
shock,  which  propagates  through  the  low-pressure 
air.  A  region  of  high-temperature,  high-pressure 
air  is  produced  between  this  normal-shock  front 
and  the  gas  interface  (often  referred  to  as  the 
contact  surface)  between  the  driver  and  driven 
gases.  W^en  the  primar>-  or  incident  shock  strikes 
the  end  of  the  driven  section,  it  is  reflected,  leav¬ 
ing  a  region  of  almost  stationary,  high-pressure, 
heated  air.  This  air  is  then  expanded  through  a 
nozzle  to  the  desired  freestream  conditions  in  the 
test  section. 

The  stagnation  and  freestream  test  condi¬ 
tions  were  determined  based  on  measurements  of 
the  incident  shock  wave  speed,  I//,  the  initial  tem¬ 
perature  of  the  test  gas  (in  the  driven  tube),  T\, 
the  initial  pressure  of  the  test  gas,  p^,  and  the 
pressure  behind  the  reflected  shock  wave,  p^.  We 
calculated  the  incident  shock  wave  Mach  number, 
Mi-VJai,  where  the  speed  of  sound,  Oi,  is  a 
function  of  P\  and  Tj.  The  freestream  Mach 
number,  M.  ,  was  determined  from  correlations  of 
M.  with  A/,  and  p^.  These  correlations  were 
based  on  preuous  airfiow  cabbrations  of  the  “D" 
nozzle  used. 

Freestream  test  conditions  of  pressure, 
temperature,  Reynolds  number,  etc.,  were  com¬ 
puted  based  on  isentropic  expansion  of  the  test 
gas  from  the  conditions  behind  the  reflected 
shock  wave  to  the  freestream  Mach  number.  Rea! 
gas  effects  were  taken  into  account  for  this  expan¬ 
sion  under  the  jusufied  assumption  that  the  gas 
was  in  ihermochemical  equilibrium.  In  the 
freestream,  the  static  temperature,  J,  ,  was  suffi¬ 
ciently  low  that  the  ideal  gas  equauon  of  state. 
Pm  =  Q^Tm  was  applicable,  where  'R  is  the  gas  con¬ 
stant  for  the  test  gas. 

The  stagnation  enthalpy,  Ho-  and  tempera¬ 
ture,  To .  of  the  gas  behind  the  reflected  shock 
wave  (shown  as  region  4  in  Figure  lb)  were  calcu¬ 
lated  from: 


where  Cp  =  6006  ft-lb/slug/R°  and  y  =  1.40. 

The  freestream  static  pressure  was  calcu¬ 
lated  from 


■P  _  {Pm/Po)REAL 
Pp  ip  m  Ip  o)  IDEAL 


(4) 


is  the  real  gas  correction  to  the  ideal  gas  static-to- 
total  pressure  ratio  as  described  in  Reference  6. 
The  sources  for  the  real  gas  data  used  in  this  tech¬ 
nique  are  References  7  and  S. 

The  freestream  velocity  was  determined 

from 


(5) 


where 


(6) 


the  speed  of  sound. 

The  freestream  dynamic  pressure  was 
found  from 


9.  =  i/2>p.a;J  ^  (7; 

and  the  freestream  density  then  was  calculated 
from  the  ideal  gas  equation  of  state 


Ho  =  iHJHDH,  and  To  =  {TJT,)  T,  (1) 


Q.  =Pm/RT.  (8) 


where  (H4/H1)  and  {Tt/Ti)  are  functions  of  t/, 
(or  Mi )  and  P\  and  are  given  in  Reference  4  for 
air.  Hi  was  obtained  from  Reference  5  for  air, 
knowing  P\  and  7, 

The  freestream  static  temperature  was 
found  from  the  energy  equation,  knowing  //^and 
Mm. 


where  R  ~  1717.91  ft-lb/slug/R°  for  air.  Values  of 
the  absolute  viscosity,  u,  used  to  compute  the 
freestream  Reynolds  number  per  foot  were  ob¬ 
tained  using  the  technique  described  in  Reference 
4. 

The  lest  section  pitot  pressure,  po' .  was  de¬ 
termined  from  q,  and  the  ratio  (po'/q.)- 
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ratio  has  been  correlated  as  a  function  of  M ^  and 
Ho  for  normal-shock  waves  in  air  in  thermody¬ 
namic  equilibrium. 

For  the  test  conditions  at  which  our  study 
was  conducted,  the  uncertainty  in  pitot  pressure 
measurements  from  errors  in  calibration  and  re¬ 
cording  is  ±2.5^c.  The  reservoir  pressure  can  be 
measured  with  an  uncertainty  of  ±2.0'^,  and  the 
total  enthalpy  (Hq)  can  be  determined  from  the 
driven  tube  pressure  and  the  incident-shock 
Mach  number  with  an  uncertainty  of  il.STc. 
These  measurements  combine  to  yield  an  uncer¬ 
tainty  in  the  Mach  number  and  dynamic  pressure 
measurements  of  i0.8^c  and  ±3.59e,  respectively. 

2.3  Modeh  and  Instrumentaiion 

2.3.1  Cone 'Flare  Model 

As  discussed  in  the  previous  subsection,  the 
large  conical  region  of  uniform  flow  that  extends 
well  into  the  contoured  “D"  nozzle  allows  us  to 
generate  a  constant-pressure  boundary  layer  on  a 
conical  model  that  extends  into  the  nozzle. 

For  this  study,  we  selected  a  large  6'  cone 
with  flares  of  30°  and  36°  attached  at  its  base. 
The  cone.'flare  configuration  is  shown  in  Figure  2. 
The  cone  angle  and  length  were  selected,  on  the 
basis  of  calculations,  to  achieve  the  maximum 
length  over  which  uniform  constant-pressure  flow 
could  be  established  within  the  further  constraints 
of  tunnel  blockage  and  sting  loading.  A  diagram 
of  the  cone/flare  model  and  its  positioning  within 
the  “D”  nozzle  is  shown  in  Figure  3.  In  an  initial 
experiment  to  demonstrate  that  this  large  model 
could  be  used  to  produce  the  required  flow,  we 
obtained  pressure  and  heat  transfer  for  this  model 
equipped  with  both  sharp  and  blunt  nosetips.  The 
good  agreement  between  the  measured  pressure 
and  heat  uansfer  distributions  and  theory  for 
these  configurations,  shown  in  Figures  4  through 
8,  is  described  in  Section  3  and  demonsuates  that 
the  design  and  positioning  of  the  model  have  pro¬ 
duced  the  required  testing  environment. 

2.3.2  Heat  Transfer  Instrumentation 

Platinum  thin-film  instrumentation  was 
used  to  obtain  heat  transfer  measurements  on  the 
surface  of  the  cone/flare  model  and  as  the  sensing 
element  of  the  0.05-inch-diameter  stagnation 
heating  probes  Because  each  of  these  gages  has  a 
1-MHz  frequency  response,  it  can  be  used  to  ex¬ 
amine  the  unsteady  characteristics  of  the  turbulent 
boundary  layer  and  separated  region.  The  large 


gradients  that  are  generated  along  the  walls  and  in 
the  flow  in  the  separation  and  reattachment  region 
of  shock  wave/boundary  layer  interactions  make  it 
essenual  that  distortion  of  the  heat  transfer  distri¬ 
bution  resulting  from  lateral  heat  conduction  be 
minimized  by  employing  models  constructed  with 
low -conductivity  materials.  The  Pyrex-backed 
thin-film  gages,  with  their  high  resolution,  sensi¬ 
tivity,  and  frequency  response,  are  almost  ideal 
for  this  type  of  study.  The  platinum  thin-film 
probes  shown  in  Figure  9  were  used,  in  conjunc¬ 
tion  with  the  total  temperature  instrumentation,  to 
examine  the  structure  of  the  turbulent  boundary 
layer  and  shear  layer. 

The  thin-film  heat  transfer  gage  is  a  resis¬ 
tance  thermometer  that  reacts  to  the  local  surface 
temperature  of  the  model.  The  first  step  of  the 
data  reduction  was  to  convert  the  measured  volt¬ 
age  time  history  for  each  gage  to  a  temperature 
time  history,  taking  into  account  the  gage  resis¬ 
tance.  the  current  through  the  gage,  the  gage  cali¬ 
bration  factor,  and  the  amplifier  gain.  The  theory 
of  heat  conduction  was  used  to  relate  the  surface 
temperature  to  the  rate  of  heat  transfer.  The  plati¬ 
num  resistance  element  has  negligible  heat  capac¬ 
ity  and,  hence,  negligible  effect  on  the  Pyrex- 
substrate  surface  temperature.  The  substrate  can 
be  characterized  as  being  homogeneous  and  iso- 
uopic.  Furthermore,  because  of  the  short  dura¬ 
tion  of  a  shock  tunnel  test,  the  substrate  can  be 
treated  as  a  semi-infinite  body.  The  final  data  re¬ 
duction  was  done  using  the  Cook-Felderman®  al¬ 
gorithm. 

The  Stanton  number,  Cn,  based  on  the 
freestream  conditions,  was  calculated  from  the 
following 


C//  = 


9 

Q.V.(Ho-H^) 


(9) 


W'here  Hw  is  tfic  enthalpy  at  the  measured  wall 
temperature . 

For  the  thin-film  heat  transfer  instrumenta¬ 
tion,  the  uncertainties  associated  with  the  gage 
calibration  and  the  recording  equipment  are  esti¬ 
mated  to  be  ±5%  for  the  levels  of  heating  obtained 
in  the  preliminary  study. 


2.3.3  Pitot  and  Static  Pressure 
Instrumentation 


2.3.5  Flow  Visualization 


Calspan-designed  and  constructed  piezo¬ 
electric  pressure  uansducers  mounted  in  pitot 
pressure  rakes,  and  beneath  orifices  in  the  model 
surface,  were  used  to  obtain  the  mean  pitot  pres¬ 
sure  through  the  boundary  layer  and  the  static 
pressure  along  the  surface,  respectively.  The  pitot 
pressure  gages  had  0.030-inch  orifices  and  were 
staggered  as  shown  in  Figure  9  to  achieve  a  trans¬ 
verse  spacing  of  0.010  inch  at  the  base  of  the 
boundary  layer. 

The  pressures  were  converted  to  absolute 
pressures  (psia)  by  adding  the  measured  initial 
vacuum  pressure  in  the  test  section.  The  latter  was 
the  reference  pressure  for  the  transducers.  The 
pressures  were  then  averaged  over  the  time  inter¬ 
val  of  steady  flow  to  obtain  an  average  value  for 
each  case.  The  values  of  the  pressure  coefficients, 
Cp ,  were  calculated  from 

Cp=  f/(i/:c,r:  )  do, 

where  p  was  the  measured  model  pressure  (psia). 

The  uncenainties  m  the  pressure  measure¬ 
ments  associated  with  the  calibration  and  record¬ 
ing  apparatus  are  ±3‘^c.  Again,  the  variations 
associated  with  the  unsteady  nature  of  the  fluid 
dynamics  can  be  as  large  as  +15d:. 

2.3.4  Total  Temperature  Instrumentation 

A  significant  effort  was  devoted  to  the  de¬ 
sign  and  development  of  a  total  temperature  gage 
that  responded  within  2  milliseconds,  withstood 
the  large  stauc  and  dynamic  pressures  generated 
in  regions  of  shock/boundary  layer  interacuon  m 
the  shock  tunnel  flows,  and  was  small  enough  to 
resolve  the  total  temperature  in  the  wall  layer. 
The  result  of  this  development  was  a  gage  0.030 
inch  in  diameter  that  uses  a  0.0005-inch  butt- 
welded  iron/constantan  thermocouple  in  the  ar¬ 
rangement  shown  schematically  in  Figure  10.  The 
typical  response  of  one  of  these  gages  (Figure  11) 
clearly  shows  that  we  have  adequate  time  to  ob¬ 
tain  accurate  measurement.  A  small  amount  of 
radiation  (2%  of  full  scale)  is  applied,  and  this 
factor  is  checked  for  measurements  in  the 
freestream,  where  the  total  temperature  is  known 
accurately.  The  gages  were  deployed  in  a  stag¬ 
gered  array  (Figure  9)  similar  to  that  employed 
for  the  pitot  pressure  gages. 


We  used  a  single-pass  Schlieren  system 
with  a  focal  length  of  10  feet  for  flow  visualization 
in  these  studies.  The  horizontal  knife  edge  used  in 
these  studies  was  adjusted  to  give  between  15^<: 
and  50%  cutoff.  A  single  microsecond  spark  was 
triggered  close  to  the  end  of  the  steady  run  time. 
The  tunnel  windows  have  16-inch  diameters. 

3.  Results  and  Discussion 

The  experimental  study  had  two  objectives. 
First,  we  sought  to  generate  a  model  and  environ¬ 
ment  in  which  we  could  establish  a  thick,  well  de¬ 
veloped  and  defined  turbulent  boundary  layer 
under  constant-pressure  conditions.  We  then 
sought  to  design,  develop,  and  use  instrumenta¬ 
tion  to  obtain  mean  and  fluctuating  profile  meas¬ 
urements:  first,  in  the  constant-pressure  boundary 
layer;  then,  in  regions  of  strong  adverse  pressure 
gradient  in  regions  of  shock  wave/boundary  layer 
interaction  generated  at  a  cone/flare  junction.  In 
the  preliminary  study,  we  employed  two  cone/ 
flare  configurations,  one  (a  30®  flare)  that  pro¬ 
moted  a  flow  close  to  incipient  separation,  and  a 
second  (a  36®  flare)  that  promoted  a  well-sepa¬ 
rated  flow. 

The  measurements  of  the  heat  transfer  and 
pressure  distributions  over  the  two  cone/flare  con¬ 
figurations  are  shown  in  Figures  4  through  8.  The 
measurements  of  the  pressure  along  the  entire 
length  of  the  cone  were  in  good  agreement  with 
predictions  based  on  Sim’s  solutions  for  a  sharp 
cone,  and  the  pressures  at  the  back  of  the  flare 
were  in  good  agreement  with  calculations  based 
on  an  inviscid  shock  compression  from  the  cone 
to  the  flare,  as  shown  in  Figures  5  and  6.  Based 
on  comparisons  and  correlations  with  a  large  num¬ 
ber  of  heat  transfer  and  skin  friction  measure¬ 
ments  made  on  flat  plates  and  cones  in  the  shock 
timnels  and  in  other  high  Reynolds  number  hyper¬ 
sonic  facilities,  we  have  found  that  predictions 
based  on  the  Van  Driest(II)  technique’^  are  in 
best  agreement  for  hypersonic  flows  over  highly 
cooled  walls.  The  Van  Driest  method  is  based  on 
a  transformation  to  relate  measurements  in  com¬ 
pressible  flow  to  those  in  incompressible  flow  . 
Here,  the  measured  coefficient  of  local  skin  fric¬ 
tion  and  heat  transfer  rate  (C/  andCff)  are  re¬ 
lated  to  an  equivalent  quantity  in  an 
incompressible  flow  (C/  and  through  the  rela¬ 
tionships 


6 


^Fc 


and  Ch^  =  Fc 


The  local  Reynolds  numbers,  Rcb  and/?e;t ,  based 
on  ihe  momentum  thickness,  6,  and  on  the  dis¬ 
tance  from  the  virtual  origin,  A'v,  respectively,  are 
related  to  similar  quantities  in  the  incompressible 
plane  through  the  relationships 

F  cCf  —  FfRcg 
FcCf  =  FxRtx 

We  have  assumed  the  Karman-Schoen- 
herr”  relationship 

Xog.^iRex^Cr)  =  log,o(2R^f)  =  0.242(Cf,)''^‘ 


where  the  average  skin  fricuon,  Cf  ,  is  related  to 
the  local  skin  friction,  Cj  .  by 

C/,  =  0.242  C/rJ0,242  +  0.&6S6(C/-,'l’''*)-' 


Van  Driest’'  analysis  is  based  on  the 
Prandtl-Karman’2  mixing  length  model,  together 
with  a  compressibility  uansformation,  to  describe 
the  compressible  turbulent  boundary  layer  over  a 
flat  plate.  From  this  analysis,  the  transformation 
or  compressibility  factors  are 

{Fc)y^  =  rmf(sin‘’a  +  sin-’/l.r* 


ship  from  the  momentum  equation  ^  “  J  Cf/ldx 


to  calculate  this  quantity.  For  our  measurements 
in  transitional  and  turbulent  flows,  we  found  that 
the  Reynolds  analogy  factor  was  close  to  unity,  as 
shown  in  Figures  12  and  13.  Thus,  when  only  heat 
transfer  measurements  were  available,  we  calcu¬ 
lated  the  momentum  thickness  from  the  expres¬ 


sion  6 


=  r 

Jo 


CHdx. 


In  correlating  the  measurements  made  on 
the  conical  models  in  the  expression 
FcCh-Fr^Cx  '  we  employed  the  Mangier''^ 
transformation  in  the  form  suggested  by  Bertran 
and  N'eal’^  to  relate  the  measurements  on  the 
cones  to  an  equivalent  two-dimensional  flow.  For 
an  equal  distance  from  the  virtual  origin  of  the 
turbulent  boundary  layer  on  flat  plates  and  cones, 
the  local  Stanton  number  on  the  cone  would  be 
larger  than  that  on  a  flat  plate  by  the  ratio 


^CH)cor,c  _r2n-lY^rr 

LI 

R>n/R. 


where  n  =  0.429  +  0.404  ln(F;r  ‘  R(x)- 

By  employing  the  above  equation,  the  measure¬ 
ments  on  the  conical  bodies  were  transformed 
into  the  equivalent  two-dimensional  compressible 
plane,  and,  subsequently,  to  the  incompressible 
plane. 


iFe)y^= 


and  Fx  =  FgFl' 


where 

a=  (2A^-B)/(4A^■^B^)'/^and  /5  =  B/(4A^ -t- 


and 


and  B  = 


( 


1  rmi 


where  a  recovery  factor,  r,  of  0.89  was  used,  and 

To  compare  the  prediction  methods  with 
the  experimental  measurements  in  the 
CfFc  -  FgRfe  plane,  the  momentum  thickness,  6 , 
must  be  calculated.  We  have  used  the  relauon- 


A  typical  comparison  between  a  large  body 
of  heat  transfer  measurements  obtained  earlier 
and  the  Van  Driest  approach  is  showm  in  Figure 
14.  The  good  agreement  between  the  heat  trans¬ 
fer  measurements  on  the  large  cone  and  the  Van 
Driest  prediction  technique  suggests  that,  at  both 
Mach  11  and  13  (shown  in  Figures  12  and  13), 
the  boundary  layers  are  well  developed. 

Flowfield  surveys  were  made  to  determine 
the  distributions  of  pitot  pressure,  total  tempera¬ 
ture,  and  total  heat  transfer  at  a  number  of  sta¬ 
tions  through  the  interaction  region  at  each  of  the 
flow  conditions  described  above.  Figures  15  and 
16  show  the  pitot  and  total  temperature  measure¬ 
ments  for  the  Mach  11  condition  with  a  30®  flare. 
The  profiles,  which  were  obtained  at  2,  1.2,  0.8, 
and  0  inches  ahead  of  the  cone/flare  junction,  in¬ 
dicate  that  there  is  very  little  upstream  influence 


at  this  condition.  (A  similar  set  of  measurements 
for  the  36°  flare  is  shown  in  Figures  17  and  18.) 

(l-C,)(l  +  m*)-^-l  — 

Tw  J  Ue 

0<C(<0.5;  Ct  =  0  for  Crocco,  C,  =  O.S  lor  quadratic. 


—  =  -77ln>’*  +  C 
u,  A 


However,  because  the  wake  region  of  the  flow  is 
so  extensive.  Maise  and  McDonald’®  have  sug¬ 
gested  that  the  Coles’®  wake  function  be  included: 


u 

U, 


=  -^Iny*  +  C  +  — 
K  ^  K 


These  measurements  are  compared  with 
the  Ci'occo  relationship  between  enthalpy  and  ve¬ 
locity  in  Figure  19.  It  is  clear  that  our  measure¬ 
ments  follow  a  parabolic  relationship 


rather  than  Crocco's  linear  relationship 


They,  in  fact,  suggest  a  defect  form  of  this  rela¬ 
tionship: 


Comparisons  betw'een  our  measurements  in  each 
of  the  incompressible  formats  are  shown  in  Fig¬ 
ures  20  and  21.  It  is  clear  that  the  transform  is  not 
as  successful  at  these  high  Mach  numbers  as  it  has 
been  below  Mach  5.  Comparisons  between  the 
measurements  and  these  prediction  techniques  in 
the  compressible  plane  are  shown  in  Figure  22.  It 
can  be  seen  that  this  is  a  relatively  insensitive  way 
of  examining  the  measurements. 


4.  Oncoinxi.. Studies 


In  the  past,  it  has  been  assumed  that  the  “fuller 
than  Crocco"  velocity  profile  obtained  in  studies 
over  tunnel  walls  was  associated  with  turbulent 
nonequilibrium  effects  related  to  the  strong  favor¬ 
able  pressure  gradient  upstream  on  the  nozzle 
wall;  however,  no  such  explanation  can  be  ad¬ 
vanced  to  explain  our  results. 

Of  the  uansformation  techniques  that  have 
been  postulated  to  cast  the  compressible  flow 
measurements  into  an  equivalent  incompressible 
form,  the  relationships  derived  by  Van  Driest 
have  received  the  greatest  suppon.  Van  Driest 
suits  with  the  assumption  that  the  Crocco  rela¬ 
tionship  is  valid  and  uses  the  mixing  length  theory 
to  calculate  the  Reynolds  stresses  in  the  flow.  By 
inspection,  the  transformation  is 


The  original  form  of  the  incompressible  law'  of  the 
wall  relauonship  is 


We  are  now  studying  the  mean  and  fluctu¬ 
ating  turbulent  flow’  structure  over  two  basic  flow 
axisymmetric  configurations:  (i)  a  large  cone/flare 
model  (Figure  23)  and  (ii)  an  axisymmetric 
curved  compression  ramp  (Figure  24).  The  meas¬ 
urements  made  in  each  of  these  flows  are  de¬ 
signed  principally  to  examine  the  response  of  the 
turbulent  flow  structure  in  a  flow  strained  by  an 
adverse  pressure  gradient— in  one  case,  with  a 
strong  embedded  shock  system.  Flowfield  meas¬ 
urements  with  both  non-intrusive  and  intrusive  in- 
strumenution  are  focused  on  obuining  the 
streamwise  variation  of  turbulent  scale  size 
through  the  interaction  regions.  We  are  examin¬ 
ing  the  surface  and  flowfield  fluctuation  measure¬ 
ments  to  determine  shock/turbulence  interaction 
and  the  magnitude  and  mechanisms  of  large-scale 
flow  insubilities  in  separated  interaction  regions. 
Direct  measurements  of  density  and  density  fluc¬ 
tuation  with  the  electron-beam  fluorescence 
equipment  enable  us  to  determine  directly  the 
magnitude  of  turbulent  compressibility  effects  in 
these  flows.  The  experimental  studies  are  being 
conducted  at  freestream  Mach  numbers  of  11,  13, 
and  15,  which  give  conditions  on  the  cone  from 
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Mach  9  to  12  where  we  believe  compressibility  ef¬ 
fects  are  of  importance.  The  large  model  scale 
enables  us  to  obtain  boundary  layer  thicknesses 
up  to  2  inches,  which  give  good  resolution  at  the 
base  of  the  viscous  layer  as  well  as  generate  high 
Reynolds  number,  fully  turbulent  flows. 

The  models  are  equipped  with  high-fre¬ 
quency  heat  transfer,  skin  friction,  and  pressure 
instrumentation.  The  major  flowfield  instrumen¬ 
tation  is  electron-beam  fluorescence  equipment, 
installed  as  shown  schematically  in  Figure  25. 
The  traverse  mechanism  shown  in  Figure  26  en¬ 
ables  flowfield  measurements  to  be  made  at 
streamwise  stations  encompassing  the  complete  in¬ 
teraction  region.  High-frequency  thin-film,  pitot 
pressure,  and  total  temperature  measurements 
can  be  made  at  each  streamwise  station  of  inter¬ 
est.  The  large  aperture  optical  system  being  used 
is  designed  to  enable  us  to  record  and  analyze  tur¬ 
bulent  fluctuation  measurements  up  to  1  MHz. 
These  optics  give  us  the  ability  to  obtain  a 
0.010-inch  resolution  across  the  1.5-inch  bound¬ 
ary  layer,  as  shown  in  Figure  27. 

Detailed  flowfield  fluctuation  measurements 
are  being  made  for  three  cone/fiare  configurations 
to  obtain  attached,  incipient  separated,  and  well- 
separated  flow,  respectively.  Figure  26  shows  the 
basic  cone/flare  model  configtiration  with  the 
electron-beam  optics  installed  and  the  separated 
flow  generated  by  a  36'’  ramp  (flare).  Two  addi¬ 
tional  ramp  angles,  of  3D®  and  28°  are  being  em¬ 
ployed  in  these  studies.  Additional  studies  of  the 
response  of  turbulence  to  adverse  pressure  gradi¬ 
ents  are  being  conducted  for  the  axisymmetric 
curved  compression  ramp  model  showm  in  Figure 
28.  Here,  the  turbulence  is  not  subjected  to  as 
great  an  adverse  pressure  gradient,  and  we  do  not 
expect  the  shock/turbuience  interacuon  associ¬ 
ated  with  the  shock  system  embedded  within  the 
boundary  layer  to  be  as  significant. 

Double-pulsed  holographic  interferometry 
is  being  used  to  determine  both  the  mean  flow- 
field  density  distribution  and,  with  pulse  separa 
tions  of  the  order  of  1  microsecond,  the  variation 
of  turbulent  scale  size  through  the  interaction  re¬ 
gion.  The  mean  distributions  of  flow  properties 
across  the  boundary  layers  and  shear  layers  are 
being  determined  from  the  probes  and  from  the 
electron-beam  and  interferometry  measurements, 
so  we  have  a  number  of  independent  ways  of  cal¬ 
culating  the  same  property.  For  example,  the 
mean  density  can  be  deduced  independently  from 
measurements  using  the  electron  beam,  using  in- 


teferometry,  and  using  a  combination  of  total  tem¬ 
perature  and  total  pressure  measurements.  Static 
temperatures  can  be  determined  directly  from  the 
electron-beam  measurements  and  from  a  combi¬ 
nation  of  probe  measurements.  The  major  efforts 
in  analysis  of  the  measurements  are  being  directed 
to  definition  of  the  turbulent  and  unsteady  struc¬ 
ture  of  these  flows.  Knowledge  of  the  streamwise 
and  transverse  variations  of  turbulent  scale  size 
through  the  interaction  regions  is  of  key  impor¬ 
tance  to  the  evaluation  of  the  models  of  turbu¬ 
lence.  Scale  size  measurements  are  to  be  deter¬ 
mined  independently  from  cross-correlations  of 
transverse-fluctuation  measurements  with  those 
obtained  using  electron-beam,  pitot  pressure,  and 
thin-film  instrumentation.  Turbulent  spectra  will 
also  be  obtained  from  the  various  measurement 
techniques  to  provide  the  correlations  required  for 
evaluating  the  turbulence  models  and  for  provid¬ 
ing  insight  into  the  fluid  mechartics  associated  with 
compressibility  effects,  shock/turbulence  interac¬ 
tion,  and  large-scale  flow'  unsteadiness. 

5.  Summary  and  Conclusions 

An  experimental  study  has  been  conducted 
to  examine  the  detailed  flowfield  structure  of  a 
separated  boundary  layer  flow  over  a  large  cone/ 
flare  model.  In  this  study,  the  structure  of  the 
separating  boundary  layer  was  examined  with 
pitot,  total  temperature,  and  laser  holography 
measurements.  These  measurements  suggest  that 
the  total  temperature/velocity  relationship  in  the 
cone  boundary  layer  is  quadratic  rather  than  the 
usually  assumed  bnear  form  suggested  by  Crocco. 
The  Van  Driest  transformation,  which  has  been 
used  successfully  in  supersonic  flows  over  adi¬ 
abatic  walls  to  relate  the  measured  velocity  to 
similar  measurements  in  subsonic  flow,  is  appar¬ 
ently  not  as  effective  in  hypersonic  flow-s  over 
highly  cooled  walls.  The  measurements  portray 
the  rapid  change  in  the  structure  of  the  sublayer 
as  separation  takes  place,  as  well  as  the  formation 
of  strong  shock  waves  in  the  turbulent  shear  layer. 

Studies  are  now  being  made  to  examine  the 
mean  and  fluctuating  characteristics  of  boundary- 
layers  and  separated  shear  layers  in  regions  of  ad¬ 
verse  pressure  gradient  and  shock  wave/turbulent 
boundary  layer  interaction.  In  these  studies,  con¬ 
ducted  at  Mach  numbers  betw-een  8  and  16,  high- 
frequency  heat  transfer,  skin  friction,  and 
pressime  measurements  are  being  made  on  a  large 
cone/flare  model  and  an  axisymmetric  curved 
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compression  ramp  model.  Flowfield  measure- 
mems  are  also  being  made  with  high-frequency 
pilot  pressure,  hot-film,  and  total  temperature  in¬ 
strumentation,  and  advanced  electron-beam  fluo¬ 
rescence  and  holographic  interferometry  tech¬ 
niques  will  be  used  to  make  non-intrusive  meas¬ 
urements  of  the  mean  and  fluctuating  density  and 
the  static  temperature  distributions  throughout  the 
flowfields. 
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Figure  1  (a)  CALSPAN’S  96-INCH  SHOCK  TUNNEL 


Figure  1  (b)  VMVE  DIAGRAM  FOR  TAILORED-INTERFACE  SHOCK  TUBE 
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Figure  2  NINE-FOOT-LONG,  SHARP  6°  CONE/30°  FLARE  MODEL  INSTALLED  IN 
CALSPAN'S  96-INCH  SHOCK  TUNNEL 
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Fiqur©  3  INSTALLATION  DRAWING  OF  CONE/FLARE  MODEL 
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Figure  6  DISTRIBUTION  OF  PRESSURE  AND  HEAT  TRANSFER  IN  ATTACHED  FLOW  OVER 
THE  LARGE  6°  CONE/aO”  FLARE  CONFIGURATION 
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Figure  7  DISTRIBUTION  OF  PRESSURE  AND  HEAT  TRANSFER  IN  SEPARATED  FLOW  OVER 
THE  LARGE  6°  CONE/Se®  FLARE  CONFIGURATION 
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Figure  8 


DISTRIBUTION  OF  PRESSURE  AND  HEAT  TRANSFER  IN  ATTACHED  FLOW  OVER 
THE  LARGE  6“  CONE/30°  FLARE  CONFIGURATION 
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Figure  10  SCHEMATIC  DIAGRAM  OF  TOTAL  TEMPERATURE  GAGE 
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Figure  11  TYPICAL  RESPONSE  OF  TOTAL  TEMPERATURE  GAGE 
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Figure  12  REYNOLDS  ANALOGY  FACTORS  FOR  TURBULENT 
HYPERSONIC  BOUNDARY  LAYERS 
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Figure  13  REYNOLDS  ANALOGY  FACTORS  FOR  TURBULENT 
HYPERSONIC  boundary  LAYERS 
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Figure  14  COMPARISON  BETWFFN  THE  MEASURED  HEAT  TRANSFER  AND 

THE  THEORY  OF  VAN  DRIEST  ON  SHARP  CONES  (Oy  =  Op  4  Opp/2* 
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Figure  15  DISTRIBUTION  OF  PITOT  PRESSURE  ACROSS  BOUNDARY  LAYER  UPSTREAM 
OF  CONE/FLARE  JUNCTION,  30^^  FLARE 
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Figure  16  DISTRIBUTION  OF  TOTAL  TEMPERATURE  ACROSS  BOUNDARY  LAYER 
UPSTREAM  OF  CONE/FLARE  JUNCTION,  30°  FLARE 
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Figure  18  DISTRIBUTION  OF  TOTAL  TEMPERATURE  ACROSS  BOUNDARY  LAYER 
UPSTREAM  OF  CONE/FLARE  JUNCTION,  36°  FLARE 
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Figure  19  TOTAL  TEMPERATURE  AND  VELOCITY  MEASUREMENTS  PRESENTED 
IN  CROCCO  FRAMEWORK 
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Figure  20  INCOMPRESSIBLE  VELOCITY  PROFILE  MEASUREMENTS  IN  DEFECT  FORM 
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Figure  21  VELOCITY  PROFILE  MEASUREMENTS  IN  INCOMPRESSIBLE  WALL  COORDINATES 
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Figure  22  COMPARISON  BETWEEN  MEASURED  AND  PREDICTED  VELOCITY  DISTRIBUTION 
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Figure  23  GENERAL  LAYOUT  OF  ELECTRON-BEAIV1  APPARATUS  !N  CONE/FLARE  MODEL 
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Fiqure  26  DETAi:  ”0  DRAWING  OF  CONF/FLARE  MODEL  AND  PUMPING  SYSTEM 
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Abstract 

A  code  validation  study  has  been  conducted  for  four  dif¬ 
ferent  codes  for  solving  the  compressible  Navier-Stokes 
equations.  Computations  for  a  series  of  nominally  two- 
dimensional  high-speed  laminar  separated  flows  were 
compared  with  detailed  experimental  shock-tunnel  re¬ 
sults.  The  shock  wave-boundary  layer  interactions  con¬ 
sidered  were  induced  by  a  compression  ramp  in  one  case 
and  by  an  externally-generated  incident  shock  in  the  sec¬ 
ond  case.  In  general,  good  agreement  was  reached  be¬ 
tween  the  grid-refined  calculations  and  experiment  for 
the  incipient-  and  small-separation  conditions.  For  the 
most  highly  separated  flow,  three-dimensional  calcula¬ 
tions  which  included  the  finite-span  effects  of  the  exper¬ 
iment  were  required  in  order  to  obtain  agreement  with 
the  data.  The  finite-span  effects  were  important  in  de¬ 
termining  the  extent  of  separation  as  well  as  the  time 
required  to  establish  the  steady-flow  interaction.  The  re¬ 
sults  presented  provide  a  resolution  of  discrepancies  with 
the  experimental  data  encountered  in  several  recent  com¬ 
putational  studies. 
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Nomenclature 

Cf  skin-friction  coefficient,  j poo^'ia 

Ch  heat-transfer  coefficient,  q/pooUoo(Hoo  —  ^w) 

Cp  pressure  coefficient,  2p/poo^lo 

H  total  enthalpy 

L  reference  length 

M  Mach  number 

p  pressure 

q  heat-transfer  rate 

Jte  unit  Reynolds  number,  Poo^oolt^oa 

T  temperature 

u  streamwise  velocity 

z  streamwise  coordinate 

a  angle  of  attack 

P  shock  angle 

7  ratio  of  specific  heats 

9  compression-ramp  or  wedge  angle 

ft  molecular  viscosity 

p  density 

r  shear  stress 

subscripts 

a  reattachment  point 

s  separation  point 

w  wall 

oo  fi^ee  stream 
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The  need  for  development  and  validation  of  compu¬ 
tational  methods  for  solving  the  Navier-Stokes  equations 
for  high-speed  flows  has  increased  because  of  the  National 


Aero-Space  Plane  project.  The  propulsion  system  of  ad¬ 
vanced  hypersonic  vehicles  will  likely  use  the  external  ve¬ 
hicle  contours  as  compression  and  expansion  surfaces  for 
the  inlet  and  nossle,  respectively.  Thus,  the  integration 
of  the  engine  and  airframe  is  an  important  design  con¬ 
sideration.  This  design  process  relies  heavily  upon  the 
development  of  computer  codes  with  appropriate  geomet¬ 
ric  flexibility  and  physical  models  since  many  of  the  high 
Mach-number,  high  enthalpy  flow  conditions  the  vehicle 
may  encounter  in  flight  cannot  presently  be  simulated  in 
ground-based  facilities. 

Before  such  a  code  can  be  used  with  confidence  as  an 
analysis  or  design  tool,  the  range  of  validity  of  the  solution 
procedure  and  physical  modeling  must  be  known.  The 
verification  process  typically  involves  three  distinct  types 
of  testing:  (1.)  internal  consistency  checks;  (2.)  compar¬ 
isons  with  other  codes;  and  (3.]  comparisons  with  exper¬ 
imental  data.  The  first  of  these  tests  consists  of  checking 
the  code  for  proper  conservation  of  mass,  momentum, 
and  energy.  The  simplest  such  test  would  be  verifying 
that  the  code  can  preserve  free-stream  flow.  Other  tests 
would  include  the  computation  of  flows  for  which  ana¬ 
lytic  solutions  are  available.  In  these  tests,  studies  can 
be  made  of  the  effects  of  grid  refinement  and  parameter 
variations  in  the  numerical  scheme.  The  second  level  of 
testing  is  the  comparison  of  computed  results  with  those 
obtained  using  other  similar  but  well-established  codes 
that  also  solve  the  Navier-Stokes  equations.  Compar¬ 
isons  could  also  be  made  with  results  from  boundary-layer 
codes  or  space-marching  parabolised  Navier-Stokes  codes 
for  appropriate  test  problems.  The  third  level  of  testing  is 
the  comparison  of  computed  results  with  highly-accurate 
benchmark  experimental  data  sets. 

The  present  paper  describes  a  comparison  of  computed 
results  from  four  different  computer  codes  for  solving  the 
compressible  Navier-Stokes  equations  with  experimental 
data  for  two  different  test  problems.  Both  of  these  test 
problems  have  features  typical  of  high-speed  internal  flow 
problems  of  practical  importance  in  the  design  and  analy¬ 
sis  of  the  inlet  portion  of  a  scram  jet  engine  on  an  advanced 
hypersonic  vehicle.  Previous  related  code-validation  stud¬ 
ies  are  given  by  Rudy  et  al.‘  a''d  Thomas  et  al.^ 

Description  of  Codes 

CFl?P 

Three  of  the  four  computer  codes  use  similar  recently- 
developed  upwind  technology.  The  first  of  these,  CFL3D 
(Computational  Fluids  Laboratory  3-D  code),  was  devel¬ 
oped  by  Thomas  for  the  thin-layer  Navier-Stokes  equa¬ 
tions  and  is  described  in  Ref.  3.  This  code  uses  a 
finite-volume  method  in  which  the  convective  and  pres¬ 
sure  terms  are  discretized  with  the  upwind-biased  fiux- 


difference  splitting  technique  of  Roe.  The  reconstruc¬ 
tion  of  the  cell-centered  variables  to  the  cell-interface  lo¬ 
cations  is  done  using  a  monotone  interpolation  of  the 
primitive  variables  such  that  third-order  accuracy  in  one- 
dimensional  inviscid  flow  is  obtained.  The  differencing 
for  the  diffusion  terms  representing  shear  stress  and  heat 
transfer  effects  corresponds  to  second-order-accurate  cen¬ 
tral  differencing  so  that  the  global  spatial  accuracy  of  the 
method  is  second  order.  The  time-differencing  algorithm 
is  a  spatially-split  approximate-factorisation  scheme. 

USA-PG2 

The  second  of  the  upwind  codes,  USA-PG2  (Uni¬ 
fied  Solution  Algorithm-Perfect  Gas,  2-D),  was  devel¬ 
oped  by  Chakravarthy^  and  solves  the  full  Navier-Stokes 
equations.  The  corresponding  three-dimensional  ver¬ 
sion  is  designated  USA-PG3.  In  these  codes,  the 
convective  terms  are  modeled  using  a  family  of  high- 
accuracy  Total- Variation-Diminishing  (TVD)  upwind- 
biased  finite-volume  schemes  based  on  Roe’s  approximate 
Riemann  solver.  Second-derivative  viscous  terms,  except 
cross-derivative  terms,  are  modeled  with  conventional 
central-difference  approximations.  The  cross-derivative 
terms  are  treated  so  that  their  discretisation  also  con¬ 
tributes  to  the  diagonal  dominance  of  the  implicit  time 
discretization.  For  the  present  calculations,  the  implicit 
formulation  was  solved  using  approximate-factorisation 
methods. 

LAURA 

The  third  upwind  code,  LAURA  (Langley  Aerother- 
modynamic  Upwind  Relaxation  Algorithm),  is  a  finite- 
volume,  single-level  storage  implicit  upwind-differencing 
algorithm  developed  by  Gnoffo^  ®  to  solve  both  the  full 
and  thin-layer  Navier-Stokes  equations  with  particular 
emphasis  on  external,  reacting,  hypersonic  flows  over 
blunt  bodies  with  detached  shock  waves.  The  perfect-gas 
version  was  implemented  in  the  present  study.  The  invis¬ 
cid  components  of  flux  across  cell  walls  are  described  with 
Roe’s  averaging  and  Harien’s  entropy  fix  with  second- 
order  corrections  based  on  Yee’s  Symmetric  T\'D  scheme. 
The  viscous  terms  are  discretized  using  central  differ¬ 
ences.  A  point-implicit  relaxation  strategy  is  used. 

N’ASCRIN 

The  fourth  computer  code,  NASCRIN  (Numeri¬ 
cal  Analysis  of  SCRamjet  INlets),  was  developed  by 
Kumar^  ®  and  uses  the  original  unsplit  explicit  technique 
of  MacCormack®  to  solve  the  full  Navier-Stokes  equa¬ 
tions.  This  technique  is  a  two-step,  predictor-corrector 
scheme  which  is  second-order  accurate  in  both  space  and 
time.  Fourth-order  artificial  viscosity  based  on  the  gradi¬ 
ents  of  pressure  and  temperature  is  used  near  shock  waves 
to  suppress  numerical  oscillations. 


Test  Cases 

The  two  test  cases  considered  in  the  present  study  are 
shown  schematically  in  Fig.  1.  Both  cases  are  hypersonic 
flows  with  viscous/inviscid  interactions  typical  of  those 
found  in  the  flow  field  within  the  propulsion  system  of  a 
hypersonic  vehicle.  The  first  of  these  test  cases  was  the 
two-dimensional  flow  over  a  compression  corner  formed 
by  the  intersection  of  a  flat  plate  and  a  wedge  tested 
by  Holden  and  Moselle^*’  in  the  Calspan  48-inch  Shock 
Tunnel.  The  flow  field  shown  in  Fig.  1(a)  shows  the 
separated  flow  which  forms  in  the  comer  region  for  a  suf¬ 
ficiently  large  wedge  angle.  Downstream  of  the  reattach¬ 
ment  point,  the  boundary  layer  thins  rapidly  due  to  the 
compression,  resulting  in  large  increases  m  skin  friction 
and  heat  transfer  on  the  wedge  surface.  Furthermore,  the 
compression  waves  produced  by  the  corner  coalesce  into  a 
shock  wave  which  intersects  with  the  leading-edge  shock, 
producing  an  expansion  fan  and  a  shear  layer,  both  of 
which  affect  the  flow  on  the  ramp.  Three  wedge  angles 
tested  by  Holden  and  Moaelle  are  considered  here.  The 
flow  remained  attached  on  the  l&-degree  wedge,  a  small 
separated-flow  region  occurred  with  the  18-degree  wedge, 
and  a  large  separated-flow  region  was  produced  by  the 
24-degree  wedge. 

The  nominal  flow  conditions  for  this  case  were  Moo  — 
14.1,  Too  =  and  Re  =  7.2x10*  per  foot.  The 

wall  temperature,  T„,  was  535" i?.  The  Reynolds  number 
was  low  enough  that  the  flow  remained  completely  lam¬ 
inar,  thereby  eliminating  the  issue  of  turbulence  model¬ 
ing  from  the  present  study.  Furthermore,  even  though 
the  free-stream  Mach  number  was  high,  the  free-stream 
temperature  was  low  enough  that  there  were  no  signifi¬ 
cant  real-gas  effects.  In  the  experiment,  values  of  surface 
pressure,  skin  friction,  and  heat  transfer  were  measured 
in  the  centerplane  of  the  model  which  had  a  spanwise 
length  that  was  thought  to  be  sufficient  to  produce  two- 
dimensional  flow  in  the  measurement  region. 

This  test  case  has  been  used  in  previous  computational 
studies  by  other  investigators.  The  first  computation  us¬ 
ing  the  full  Navier-Stokes  equations  for  this  case  was  made 
by  Hung  and  MacCormack.^*  They  obtained  good  agree-' 
ment  with  the  experimental  data  for  the  15-  and  18-degree 
wedges,  but  their  solution  significantly  underpredicted 
the  sise  of  the  separated-flow  region  for  the  24-degree 
wedge.  Recent  studies  have  been  presented  by  Power  and 
Barber, Ng  et  al.,‘^  and  Rissetta  and  Mach.'*  In  ad¬ 
dition,  the  fully-attached  flow  with  the  15-degree  wedge 
has  been  used  for  comparisons  with  computations  using 
the  parabolised  Navier-Stokes  equations  in  various  stud¬ 
ies  such  as  in  Refs.  15  to  17. 

The  second  test  case,  shown  in  Fig.  1(b),  was  the  inter¬ 
action  of  an  incident  shock  produced  by  a  shock-generator 


wedge  with  a  flat-plate  boundary  layer  in  hypersonic  flow. 
The  features  of  this  flow  field  are  very  similar  to  those 
produced  by  the  compression  corner.  In  this  case,  the 
incident  shock  produces  a  separated-flow  region.  Down¬ 
stream  of  this  region,  the  boundary  layers  thins  rapidly 
due  to  the  compression.  As  in  the  first  case,  measure¬ 
ments  were  made  in  the  centerplane  of  the  model  which 
had  a  spanwise  length  judged  sufficient  to  produce  two- 
dimensional  flow  in  the  measurement  region.  The  experi¬ 
mental  data  were  obtained  by  Holden'*  in  the  Calspan  48- 
inch  Shock  Tunnel  The  nominal  flow  conditions  for  this 
case  were  Moo  =  15-6,  Too  =  77°i?,  and  Re  =  1.36x10* 
per  foot.  The  wall  temperature,  T*,  was  535"R.  So¬ 
lutions  were  computed  for  two  different  shock-generator 
wedge  angles,  4.017"  and  6.45".  As  in  the  compression- 
corner  experiments,  the  flow  was  completely  laminar  and 
real  gas  effects  were  not  significant. 

Results  and  Discussion 
Compression-corner  case 

Comparisons  were  made  between  the  computed  solu¬ 
tions  from  all  four  codes  and  experimental  data  for  the 
15-  and  24-degree  wedges  using  two  different  grids.  The 
first  grid  had  51  points  in  the  streamwise  direction  and 
51  points  in  the  vertical  direction.  In  the  streamwise  di¬ 
rection,  the  grid  was  clustered  near  the  leading  edge  of 
the  flat  plate  and  in  the  comer  region.  In  the  normal 
direction,  the  grid  was  clustered  near  the  model  surface. 
Above  the  wedge,  a  simple  sheared  grid  was  used,  produc¬ 
ing  a  non-orthogonal  grid  in  this  region.  A  second  grid 
with  twice  the  resolution  was  constructed  from  the  first 
grid  using  101  points  in  each  direction  while  maintaining 
the  same  grid  stretching. 

15°  wedge.  Fig.  2(a)  shows  a  comparison  of  the  com¬ 
puted  surface-pressure  coefficient  with  experimental  val¬ 
ues  for  all  four  codes  on  two  different  grids.  The  pressure 
coefficient  is  plotted  as  a  function  of  x/L,  where  x  is  mea¬ 
sured  from  the  leading  edge  of  the  flat  plate  and  L  is  the 
length  of  the  flat-plate  portion  of  the  model.  As  shown, 
there  are  only  very  slight  differences  in  the  predictions 
from  the  four  codes  for  the  51  x  51  grid;  however,  the 
four  solutions  are  virtually  identical  for  the  101  x  101 
grid.  The  computed  pressures  are  generally  higher  than 
the  experimental  values  even  on  the  flat-plate  portion  of 
the  model  However,  the  computed  pressures  were  in  ex¬ 
cellent  agreement  with  those  given  by  hypersonic  strong- 
interaction  theory  (not  shown).  The  corresponding  com¬ 
parison  of  the  computed  surface  heat-transfer  coefficient 
with  experimental  values  for  all  four  codes  on  the  two 
grids  is  shown  in  Fig.  2(b).  As  with  the  pressure  coeffi¬ 
cient,  the  calculations  on  the  101  x  101  grid  produce  the 
best  agreement  among  the  codes.  The  largest  differences 
occur  along  the  ramp.  The  trends  in  the  experimental 
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data  are  again  predicted  well,  but  the  computed  values 
are  generally  slightly  higher  than  those  found  in  the  ex¬ 
periment. 

24°  wedge.  Fig.  3  shows  the  streamlines  in  the  flow 
field  of  the  24-degree  wedge  computed  using  the  USA- 
PG2  code.  The  large  size  of  the  separated-flow  region 
and  the  thinning  of  the  boundary  layer  on  the  ramp  down¬ 
stream  of  the  reattachment  point  can  be  clearly  seen.  Fig. 
4  shows  the  comparison  of  the  computed  surface-pressure 
coefficient  with  experimental  values  for  this  case.  The 
four  codes  predict  different  extents  of  separation  even 
with  the  101  x  101  grid.  A  solution  using  a  201  x  201  grid 
was  also  made  with  CFL3D.  The  predictions  for  surface 
pressure,  skin  friction,  and  surface  heat  transfer  for  this 
grid  were  almost  identical  to  those  found  with  the  101  x 
101  grid  with  only  a  slight  increase  in  the  predicted  extent 
of  separation.  Therefore,  the  101  x  101  grid  calculation 
with  CFL3D  can  be  considered  to  be  sufficiently  grid- 
refined  for  this  flow.  AU  four  of  the  codes  demonstrated 
a  trend  with  grid  convergence  towards  a  similar  longitu¬ 
dinal  extent  of  separation  which  is  much  larger  than  that 
found  in  the  experiment.  As  a  result  of  the  larger  sep¬ 
aration  extent,  the  shock  interaction  is  altered,  moving 
the  peak  value  of  pressure  on  the  ramp  downstream  in 
comparison  to  the  experiment. 

Time-accurate  computations.  In  order  to  help  resolve 
these  differences  between  the  computation  and  experi¬ 
ment,  time-accurate  calculations  were  made  with  three 
of  the  codes  to  study  the  question  of  whether  the  ex¬ 
perimental  data  might  have  been  obtained  before  steady 
flow  had  been  fully  established  during  the  short  run  time 
available  in  the  shock  tunnel.  The  flow  in  the  experiment 
reached  a  steady  state  in  approximately  4  ms.,  and  the 
total  run  time  was  approximately  10  ms.  Fig.  5  shows 
the  solutions  obtained  with  CFL3D  at  five  intermediate 
times  one  millisecond  apart  between  1  and  5  ms.  These 
results  are  representative  of  the  time  variation  computed 
with  all  three  of  the  codes  used,  CFL3D,  USA-PG2,  and 
NASCRIN.  It  can  be  seen  that  the  separated-flow  region 
is  predicted  reasonably  well  at  a  point  in  time  between 
2  and  3  ms.,  but  the  size  of  the  region  continues  to  in¬ 
crease  as  the  solution  is  further  advanced  in  time.  It  took 
more  than  12  ms  to  establish  steady  flow  in  the  compu¬ 
tations,  which  is  more  than  the  testing  time  available  in 
the  experiment. 

Calculations  were  also  made  with  CFL3D  for  wedge  an¬ 
gles  of  18,  19.5,  21,  and  22.5  degrees.  (Calculations  made 
with  USA-PG2  for  18-  and  21-degree  wedges  verified  the 
CFL3D  results.)  The  results  of  these  computations  are 
summarized  in  Fig.  6,  which  shows  the  effect  of  wedge 
angle  on  the  site  of  the  separated-flow  region.  For  the 
sm  ..  est  separated-flow  region,  which  occurred  with  the 
18-degree  wedge,  the  extent  of  separation  using  a  101  x 


101  grid  differed  from  the  experimental  value  by  approx¬ 
imately  23  percent.  For  the  24-degree  wedge,  the  com¬ 
puted  extent  of  separation  differed  from  the  experimen¬ 
tal  value  by  approximately  48  percent  for  the  101  x  101 
grid.  The  21-degree  wedge  case  produced  a  computed 
separated-flow  region  comparable  in  size  to  that  found 
experimentally  with  the  24-degree  wedge.  Fig.  7  shows 
the  positions  of  the  upstream  and  downstream  boundaries 
of  the  separated-flow  region  for  this  case  as  functions  of 
time.  As  shown,  it  required  significantly  more  time  than 
4  ms.  for  the  computed  flow  field  to  reach  its  steady-state 
even  for  a  separated-flow  region  with  a  size  comparable 
to  that  found  in  the  experiments. 

Three-dimensional  calculations.  Since  the  results  from 
the  two-dimensional  computations  did  not  match  the 
experimental  data,  three-dimensional  calculations  were 
made  with  CFL3D  to  investigate  the  possibility  of  flow 
in  the  spanwise  direction  affecting  the  flow-  in  the  center 
of  the  plate.  For  the  experimental  data  for  which  com¬ 
parisons  are  shown  below,  no  side  plates  were  used.  The 
spanwise  length  of  the  plate  was  2  ft.  Calculations  were 
made  with  two  different  grids,  51  x  51  x  25  and  101  x 
101  X  25.  Because  the  flow  is  symmetric  about  the  cen- 
terplane,  the  computational  domain  included  only  half  of 
the  plate.  The  spanwbe  gnd  contained  19  points  on  the 
plate  and  6  points  in  the  free  stream.  Approximate  su¬ 
personic  outflow  boundary  conditions  were  used  at  the 
sides  of  the  computational  domain  outside  of  the  ramp 
surface.  Fig.  8  shows  results  from  the  calculation  with 
a  101  X  101  grid  in  each  streamwise  plane.  The  stream¬ 
lines  in  the  flow  very  near  the  model  surface  are  visualized 
using  particle  traces.  The  separation  and  re  attachment 
lines  show  that  the  size  of  the  separated-flow  region  de¬ 
creases  across  the  plate  from  the  centerplane  to  the  edge. 
The  pressure  contours  in  the  downstream  plane  on  the 
ramp  at  the  end  of  the  computational  domain  show  an 
expansion  of  the  flow  in  the  spanwise  direction  near  the 
edge  of  the  plate  to  reduce  the  pressure  to  the  free-stream 
value.  A  comparison  of  the  computed  2-D  and  3-D  cen¬ 
terplane  surface- pressure  distributions  with  the  experi¬ 
mental  data  are  shown  in  Fig.  9  using  solutions  from 
CFL3D  for  all  of  the  grids  used  in  the  present  study.  As 
shown,  the  three-dimensional  effects  produce  a  smaller 
separated-flow  region  in  the  centerplane  than  that  pre¬ 
dicted  in  the  two-dimensional  calculations.  Furthermore, 
the  size  of  the  separated-flow  region  and  the  pressure  level 
in  that  region  are  in  excellent  agreement  with  the  data 
for  the  finest  mesh  in  the  3-D  calculation.  However,  the 
computed  pressure  rise  on  the  surface  of  the  wedge  dif- 
fers  from  the  experiment  even  though  the  peak  value  is 
well-predicted. 

Fig.  10  shows  the  normalized  locations  of  the  upstream 
and  downstream  boundaries  of  the  separated-flow  region 
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aa  functions  of  lime  for  both  the  2-D  and  3-D  computa¬ 
tions  with  CFL3D  for  the  24-degree  wedge.  Quite  surpris¬ 
ingly,  the  time  to  establish  the  steady  state  for  the  3-0 
flow  is  dramatically  less  than  that  required  for  the  2-D 
flow.  For  the  3-D  computation,  a  steady-state  has  been 
established  in  approximately  4  ms,  which  is  in  agreement 
with  the  experiment. 

Angle-of-attack  correction.  It  was  found  that  incorpo¬ 
rating  a  one-degree  angle  of  attack  significantly  improved 
the  agreement  with  the  experimental  data  in  all  cases  for 
all  quantities.  The  one-degree  angle-of-attack  correction 
was  used  previously  by  Lawrence  et  al.^^  Fig.  11  shows 
the  computed  surface- pressure  coefficient  for  both  the  15- 
and  24-degree  wedges  with  and  without  the  angle-of- 
attack  correction.  The  correction  brought  the  computed 
values  into  agreement  with  the  data  on  both  the  flaC-plate 
and  wedge  portions  of  the  model.  Similar  improvements 
were  found  for  the  skin  friction  and  surface  heat  transfer. 

Summary  comparisons.  Fig.  12  shows  a  summary  com¬ 
parison  of  the  CFL3D  solutions  with  with  experimental 
data  for  each  of  the  three  wedges.  The  3-D  solution  in 
the  centerplane  is  shown  for  the  24-degree  wedge,  and  2-D 
solutions  are  shown  for  both  the  15-  and  18-degree  cases. 
In  each  case,  the  one-degree  angle-of-attack  correction  is 
used  as  well  as  the  exact  free-stream  condtions  measured 
in  the  experiment.  These  flow  conditions  were  slightly 
different  from  the  nominal  values  listed  above.  Excellent 
agreement  of  the  calculations  with  experimental  data  was 
found  for  pressure,  heat  transfer,  and  skin  friction  for  all 
three  wedge  angles. 

The  present  results  reconcile  several  discrepancies  be¬ 
tween  numerical  computations  and  experiment  for  the  24- 
degree  compression  ramp  presented  in  the  literature.  The 
original  work  of  Hung  and  MacCormack*^  in  1976  com¬ 
pared  well  with  the  15-  and  18-degree  ramp  deflections 
but  underpredicted  the  extent  of  separation  for  the  24- 
degree  deflection.  This  can  be  attributed  to  the  coarse¬ 
ness  of  the  computational  grid  in  that  study  since  the 
present  investigation  indicates  that  the  24-degree  com¬ 
pression  ramp  requires  a  much  finer  giid  than  that  re¬ 
quired  with  the  lower  angles  to  attain  grid  convergence. 
The  more  recent  work  of  Ng  et  al.^^  and  Rissetta  and 
Mach^*  with  much  finer  grids  indicate  a  separation  ex¬ 
tent  that  is  much  larger  than  experiment  for  the  24- 
degree  case.  These  results  are  consistent  with  those  of 
the  present  study  in  that  incorporation  of  the  three- 
dimensional  effect  due  to  spanwise  extent  is  required  in 
order  to  agree  with  experiment.  Finally,  the  recent  work 
of  Power  and  Barber^^  indicates  leas  separation  than  ex¬ 
periment,  in  contrast  to  the  present  resuPs.  This  smaller 
predicted  extent  of  separation  is  believed  to  be  due  to  a 
termination  of  the  calculations  after  the  free  stream  had 
swept  the  computational  domain  four  times,  which  is  sig¬ 


nificantly  less  than  the  present  calculations  indicate  are 
required  for  the  flow  to  establish  a  steady  stale. 

Shock-boundary  layer  interaction  case 

Computations  were  made  for  two  of  the  five  shock- 
generator-wedge  angles  tested  by  Holden  at  Af^o  =  15.6. 
These  angles  were  4.017°  and  6.45°,  which  represent  the 
smallest  and  the  next-to-the-largest  angles  tested.  The 
first  set  of  calculations  was  made  in  two  parts.  The  flow 
over  the  shock-generator  wedge  was  computed  separately 
using  CFL3D.  The  shock  angle  obtained  from  this  cal¬ 
culation  was  then  used  to  specify  the  flow  at  the  upper 
boundary  of  the  computational  domain  used  to  compute 
flow  over  the  flat  plate.  For  8  4.017°,  computations 

were  made  for  three  of  the  codes,  CFL3D,  USA-PG2, 
and  NASCRIN.  For  8  =  6.45°,  computations  were  made 
using  only  CFL3D  and  USA-PG2.  The  grid  for  the  flat 
plate  had  151  points  in  the  streamwise  direction  which 
were  clustered  near  the  leading  edge  of  the  plate  and  in 
the  shock-boundary  layer  interaction  region.  The  grid  in 
the  normal  direction  extended  3  inches  above  the  surface 
of  the  plate  and  had  81  points  which  were  clustered  near 
the  wall.  For  8  =  4.017°,  the  shock  angle,  was  8°, 
and  the  shock  crossed  the  upper  boundary  at  the  grid 
poic;  at  x=0.912  inches.  In  this  case,  the  shock  posi¬ 
tion  required  to  properly  match  the  shock- impingement 
location  was  actually  upstream  of  that  estimated  from 
the  analysis  of  the  computed  shock-generator-wedge  flow 
field.  For  8  =  6.45°,  the  shock  angle  was  10.5°  and  the 
shock  crossed  the  upper  boundary  at  the  grid  point  at 
x=6.429  inches. 

A  comparison  of  the  computed  surface-pressure  coef¬ 
ficient  with  experimental  data  for  both  wedge  angles  is 
shown  in  Fig.  13.  The  results  for  the  two  upwind  codes 
are  virtually  identical.  The  pressure  rise  in  the  interac¬ 
tion  region  computed  by  NASCRIN  occurs  slightly  down¬ 
stream  of  the  upwind  predictions.  This  difference  is  a 
consequence  of  the  shock  wave  being  introduced  along 
the  upper  boundary  one-half  grid  cell  further  downstream 
in  the  finite-difference  method  than  in  the  two  upwind 
methods.  The  expansion  downstream  of  the  interaction 
region  is  not  predicted  for  either  wedge  angle  by  any  of 
the  methods. 

Comparisons  of  the  computed  skin-friction  coefficient 
and  surface  heat-transfer  coefficient  are  shown  in  Figs. 
14  and  15,  respectively.  The  differences  between  the  so¬ 
lutions  from  the  two  upwind  methods  are  very  small,  and 
the  overaU  levels  and  trends  of  the  heat-transfer  and  skin- 
friction  data  upstream  of  and  through  the  interaction  re¬ 
gion  are  well-predicted. 

Computations  were  also  made  using  CFL3D  which  in¬ 
cluded  the  flow  over  the  shock  generator  wedge  as  well 
as  the  flow  over  the  plate  as  part  of  a  single  simulation. 
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The  grid  for  this  case  is  shown  in  Fig.  16(a).  The  grid 
over  the  fiat  plate  remained  the  same  as  in  the  previ¬ 
ous  calculations,  and  the  grid  near  the  wedge  contained 
the  same  amount  of  clustering  in  the  normal  direction  as 
the  grid  near  the  plate.  The  grid  contained  191  points 
in  the  streamwise  direction  and  151  points  in  the  normal 
direction.  The  upper  boundary  downstream  of  the  trail¬ 
ing  edge  of  the  shock  generator  wedge  was  simulated  as 
a  flat  plate  parallel  to  the  free-stream  flow.  Contours  of 
pressure  and  Mach  number  for  the  6  =  6.45°  simulation 
are  shown  in  Figs.  16(b)  and  (c),  respectively.  The  pres¬ 
sure  contours  illustrate  the  intersection  of  the  wedge  and 
flat-plate  leading-edge  shocks  as  well  as  the  interaction  of 
the  wedge  shock  with  the  fiat-plate  boundary  layer.  The 
Mach-number  contours  highlight  the  boundary-layer  de¬ 
velopment  and  the  shock  waves  and  also  indicate  a  sep¬ 
aration  sone  in  the  interaction  region  on  the  lower  flat 
plate.  The  corresponding  calculation  for  the  case  with 
B  =  4.017°  produced  a  wedge  shock  which  impinged  on 
the  flat-plate  boundary  layer  downstream  of  the  mea¬ 
sured  impingement,  consistent  with  the  observation  noted 
above  for  the  specified-shock  calculations.  To  match  the 
experimental  impingement  location,  the  height  of  the 
trailing  edge  of  the  shock-generator  wedge  above  the  flat 
plate  was  changed  from  the  value  of  3.625  inches  reported 
for  the  experimental  configuration  to  3.242  inches. 

Fig.  17  shows  a  comparison  of  the  surface-pressure  co¬ 
efficient  for  the  specified-shock  calculation  and  the  com¬ 
plete  flow-field  simulation  for  CFL3D  for  both  wedge  an¬ 
gles.  Th  nly  difference  between  the  two  results  occurs 
downstream  of  the  mteraction  where  the  complete  simu¬ 
lation  captures  the  expansion  produced  by  the  flow  from 
the  trailing  edge  of  the  generator  wedge. 

Concluding  Remarks 

A  code-validation  study  has  been  conducted  for  four 
different  codes  for  solving  the  compressible  Navier-Stokes 
equations.  Two  test  cases  involving  high-speed  sep¬ 
arated  flows  have  been  used  to  compare  the  results 
from  the  codes.  Compulations  for  a  series  of  nomi¬ 
nally  two-dimensional  high-speed  laminar  separated  flows 
were  compared  with  detailed  experimental  shock-tunnel 
results.  The  shock  wave-boundary  layer  interactions  con¬ 
sidered  were  induced  by  a  compression  ramp  in  one  case 
and  by  an  externally-generated  incident  shock  in  the  sec¬ 
ond  case.  In  general,  good  agreement  was  reached  be¬ 
tween  the  grid-refined  calculations  and  experiment  for 
the  incipient-  and  small-separation  conditions.  For  the 
most  highly  separated  flow,  three-dimensional  calcula- 
ticrs  which  included  the  finite-span  effects  of  the  exper- 
imeM  were  required  in  order  to  obtain  agreement  with 
the  data.  The  finite-span  effects  were  important  in  de- 
termming  the  extent  of  separation  as  weU  as  the  time 


required  to  establish  the  steady-flow  interaction.  The  re¬ 
sults  presented  provide  a  resolution  of  discrepancies  with 
the  experimental  data  encountered  in  several  recent  com¬ 
putational  studies. 

The  present  study  demonstrated  that  the  four  codes 
are  capable  of  accurately  representing  both  qualitatively 
and  quantitatively  the  types  of  complex  hypersonic  flows 
with  strong  viscous-inviscid  interactions  considered.  For 
sufficiently-refined  gri.  the  predictions  from  the  codes 
were  in  good  agreement  with  each  other  and  with  exper¬ 
imental  data  considered  to  be  benchmark  data  for  these 
types  of  flows.  The  emphasis  of  the  present  study  was 
the  grid-refined  accuracy  of  the  codes  and,  therefore,  the 
study  did  not  address  either  the  issue  of  the  relative  ef¬ 
ficiency  of  the  codes  or  the  minimum  computational  re¬ 
quirements  to  simulate  the  flows  considered. 
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